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Abstract
Nutritional limitation and other stresses are known to induce the production of 
secondary metabolites in Streptomyces. The two-component regulatory system 
(PhoR/PhoP) and the enzyme polyphosphate kinase, Ppk, play an important role in 
adaptation o f growth in conditions o f phosphate limitation and mutations in both 
systems have been linked to increased production o f antibiotics in Streptomyces 
lividans. To further characterize the above mentioned links phoP  and ppk  null 
mutations were generated in the prototrophic wild-type strain, MT1110, o f the model 
streptomycete, Streptomyces coelicolor A(3)2. All strains were cultivated in 1.5 L batch 
fermenters using a chemically defined phosphate-limited minimal medium; metabolite 
and antibiotic assays were conducted alongside the transcriptomic analysis, sampling at 
several time points throughout cultivation. Parallel studies were performed with 
S. lividans TK24, a closely related streptomycete, using equivalent phoP  and ppk  
mutant derivatives. However, the S. lividans studies were conducted with surface 
grown cultures, on complex R2YE medium, either phosphate limited or replete. 
Qualitative assessment o f  pigmented antibiotic production by the S. lividans mutants 
agreed with previous published results, with both mutants displaying enhanced 
pigmented antibiotic synthesis relative to the wild-type. In contrast, the S. coelicolor 
ppk  mutant displayed significantly reduced production o f pigmented antibiotics relative 
to the wild-type parent strain, irrespective o f whether the mutant was cultivated in the 
minimal medium or complex R2YE medium. In the S. coelicolor experiments 
metabolite assays confirmed that cultures became phosphate-depleted during the batch 
cultivation, with the p pk  mutant showing the slowest rate o f  depletion. From the 
microarray-based transcriptomic analysis, certain members o f the PhoP regulon (phoR, 
phoP, pstS  and pstC) were down-regulated in the phoP  mutants, alongside ppk,
consistent with their regulation by PhoP. A potential link between phosphate and
nitrogen metabolism in S. coelicolor is suggested by the finding that a number o f genes 
involved in glutamine synthesis and regulation (including gin A, glnD, glnR and glnRII) 
were transiently up-regulated in a phoP mutant. Furthermore, some genes involved in 
ATP generation (the atp operon) were also transiently up-regulated in the phoP  mutant. 
A novel two component regulatory system (SC04155 and SC04156) was massively 
over expressed in the S. coelicolor phoP  mutant, in addition to an adjacent gene, 
SC04157, which encodes a homologue o f  the DegP/HtrA protease. A SC04157 
disruption mutant was shown to precociously hyper-produce undecylprodigiosin under 
phosphate limited conditions. It is speculated that the up-regulation o f this system
represents a PhoP-independent compensatory response to phosphate starvation. The
transcriptomic analysis has enabled a greater understanding o f the potential roles o f 
PhoP and Ppk during phosphate limitation, and their involvement in antibiotic 
synthesis. This study has identified a large number o f novel genes potentially involved 
in phosphate metabolism and scavenging and opens the way for a more focussed 
functional analysis o f their respective roles.
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Chapter 1. Introduction
Streptomyces are Gram positive soil bacteria o f major importance in the biochemical 
and pharmaceutical industries primarily due to the diverse range o f secondary 
metabolites they synthesise. This genus alone produces more than two-thirds o f the 
naturally derived antibiotics in use today. The identification o f undiscovered secondary 
metabolites from these species could lead to the development o f  novel antimicrobials 
(Milind et al., 2001).
Antibiotic production in Streptomyces is a multifactorial and to a certain extent still 
unknown process, induced by nutritional deficiencies and/or environmental stresses. 
Regulatory pathways are activated, initiating the transcription o f genes advantageous 
for adapting to the environment. Discovering how these pathways are regulated will 
open the possibility to genetically manipulate genomes to increase the production of 
secondary metabolites, perhaps generating novel previously undiscovered antibiotics 
and these will be a major benefit in the fight against multi resistant bacteria.
1.1. Streptomyces
Streptomyces are aerobic Gram-positive bacteria, ubiquitous in soil, belonging to the 
order o f actinomycetales. Originally thought to be fungi because o f  their mycelial like 
growth, Streptomyces were finally classified as members o f the actinomycetes bacteria 
by virtue o f their high G +C content. Streptomyces produce many extracellular 
enzymes facilitating the decomposition o f dead plants and fungi, contributing to 
important processes such as soil biodegradation and nutrient recycling. The life cycle 
consists o f several stages including mycelial growth and resilient spores. Characteristic 
o f the Streptomyces genus is their ability to produce secondary metabolites, generally 
occurring during late exponential phase as a result o f nutritional deficiencies or stress 
(Hopwood, 2007).
1.1.1. The Streptomyces genome
Bentley et al. (2002) sequenced the complete genome o f the model Streptomyces 
coelicolor A3(2) strain. The genome is 8.7 Mb in size, one o f the largest bacterial
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genomes sequenced to date. The genome is linear, highly G+C rich with an average 
content o f 72.12%; however the G+C content varies throughout the chromosome 
(Figure 1.1). The chromosome has been predicted to contain 7,825 genes, almost double 
the prediction for Escherichia coli and Bacillus subtilis, with 4,289 and 4,099 
respectively.
The Streptomyces linear chromosome consists o f a core section, and two arms extending 
from either side (Figure 1.1, outer circle). The central core region, including the origin 
o f replication, mostly contains essential and highly conserved genes. Both arms are 
relatively unstable containing a larger portion o f the non essential genes such as those 
coding for antibiotic synthesis (Rocha, 2004; Bentley et al., 2002). Genes on the leading 
strand o f the chromosome are transcribed more frequently than those on the lagging 
strand (Rocha, 2004). It has been proposed that essentiality o f  the genes drive the bias, 
therefore allowing for faster DNA replication coinciding with an increased 
transcription. Transcription and replication occur simultaneously on the same DNA 
molecule; if  co-orientated collisions o f the RNA polymerases occur with DNA 
polymerases on the leading strand a temporary slow down o f transcription rate arises, 
but will resume again at pace once replication begins another cycle. However with RNA 
polymerases on the lagging strand, once a collision has occurred the polymerase 
becomes displaced and transcription is abandoned (Rocha and Danchin, 2003). This 
bias varies from species to species, with Streptomyces having a bias o f 55%, compared 
with 94% in B. subtilis. Coding density occurs evenly across the chromosome, however 
the “essential” genes (e.g. DNA replication, transcription, and amino acid biosynthesis) 
are found to be near or around the core
The Streptomyces genome contains a plethora o f genes involved in transport, regulation 
or in degradation o f extracellular nutrients, displaying the ability to adapt to the adverse 
and changeable soil enviromnent. Reflecting their complex life style, Streptomyces have 
increased copy number o f certain genes in comparison to some other bacterial species, 
for example 65 sigma factor encoding genes compared with only 5 in E. coli and 15 in 
B. subtilis. Two-component systems comprising o f response regulators and sensor 
kinases are well represented in Streptomyces genome, in fact almost three times more 
represented when compared to E. coli or B. subtilis. Interestingly S. coelicolor has a
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large proportion o f genes encoding degradation enzymes, such as hydrolases, chitinases, 
proteases and cellulases, whereas E. coli and B. subtilis encode very few. As explained 
previously this increase is due to Streptomyces being soil dwelling organisms, with a 
need to scavenge and utilise any nutrients present in their immediate surroundings; as 
opposed to the motile Bacillus species which do not need to degrade polymers and other 
nutrients in their immediate environment.
On
Figure 1.1. Circular representation o f the Streptomyces coelicolor A3(2) linear chromosome. The outer 
scale is numbered anticlockwise in megabases, with the core (dark blue) and arm (light blue) regions of 
the chromosome. From the outside inwards, circle 1 and 2, represent all genes colour coded by function, 
(Black, energy metabolism; Red, information transfer and secondary metabolism; Dark Green, surface 
associated; Cyan, degradation o f large molecules; Magenta, degradation o f small molecules; Yellow, 
central o r  intermediary metabolism; Pale blue, regulators; Orange, conserved hypothetical; Brown, 
pseudogenes; Pale green, unknown; Grey, miscellaneous). Circle 3, contains “essential” genes; Circle 4, 
“contingency” genes; Circle 5, mobile elements; Circle 6, G+C content; Circle 7, GC bias (khaki >1, 
purple<l) (Bentley et al., 2002)
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1.1.2. The life cycle of Streptomyces coelicolor A3 (2)
Members o f the Streptomyces genus are characterized by a complex life cycle 
comprising several growth stages (Figure 1.2). Firstly, bacterial spores germinate; 
generating mycelia, which grow via tip extensions, scavenging for nutrients beneath the 
substrate surface. The substrate mycelia undergo morphological differentiation where 
they traverse the surface-substrate barrier giving rise to aerial hyphae, extending from 
only one end; DNA replication occurs at similar rates along the hyphae, perhaps 
indicating that chromosomes move in relation to the cell envelope, therefore populating 
the newly formed tips and lateral branches (Flardh, 2003). The aerial hyphae then start 
to curl and differentiate into chains o f uninucleoid resistant spores, providing a suitable 
mechanism for dispersal and regeneration.
GtrmlnoTltn
and Ouljronfh «'
Figure 1.2. The life cycle of Streptomyces coelicolor A3 (2), modified from Hodgson, 1992
Changes in hydrophobicity occur throughout the development o f both substrate and 
aerial mycelium; the initial substrate mycelia when in aqueous surroundings are 
hydrophilic, however once the substrate-surface barrier is crossed, the aerial hyphae and 
subsequent spores are hydrophobic. An oligopeptide, SapB, affecting the surface 
tension, is produced when cultures are grown in rich media; this protein effectively
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lowers surface tension, allowing the mycelia to breech the substrate air interface 
(Claessen et al., 2004; Willey et al., 1991). Mutants unable to produce aerial hyphae are 
designated bid  (bald) mutants, as they lack the fluffy appearance associated with normal 
Streptomyces colonies. I f  bid  mutants are grown adjacent to wild-type strains capable 
o f forming aerial mycelium, the mutants acquire the ability to form aerial hyphae; a 
phenomenon called extracellular complementation (Willey et al., 1991). However since 
cultures grown on a minimal media continue to form aerial hyphae even in the absence 
o f SapB, this peptide isn’t the only mechanism involved in the formation of aerial 
hyphae.
An unusual aspect o f Streptomyces growth is the synthesis o f secondary metabolites. 
Antibiotic synthesis occurs in the late stages o f exponential growth after a ‘transition’ 
phase which corresponds to a reduction in cellular biomass between early and late 
exponential phases, this decrease is believed to derive from the cannibalisation and 
reassimilation o f cellular components. Secondary metabolism is widely accepted to be 
triggered by various environmental and nutritional stresses, particularly limitations in 
nitrogen, carbon and/or phosphorous (Hobbs et al., 1990; Bystrykh et al., 1996)
1.1.3. Antibiotic production in Streptomyces coelicolor.
The completed sequence o f S. coelicolor genome predicts 18 clusters coding for 
enzymes involved in secondary metabolism, including type I and II polyketide 
synthases, non-ribosomal peptide synthetases, terpene, cyclases and other molecules 
such as geosmin and butyrolactones (Bentley et al., 2002). The diversity o f secondary 
metabolites produced by Streptomyces defies simple chemical classification, but a large 
majority o f these metabolites can be classified according to their synthesis into two 
distinct families o f multifunctional enzymes; the polyketide synthases (PKS) and the 
non ribosomal peptide synthetases (NRPS) (Thompson et al., 2002), these enzymes 
catalyse condensation reactions used in the assembly o f acetyl CoA into polyketides or 
amino acid derivatives into peptides.
Fatty acid synthases are structurally and functionally homologous to polyketide 
synthases, initiating the assembly o f fatty acid chains. Starting with acetyl coenzyme A 
chain lengths can be increased with the condensation o f malonyl coenzyme A and
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consequently at each extension step the carboxyl residues are completely reduced. Fatty 
acid synthases have evolved into two distinct groups o f polyketide synthases: type I, 
consisting o f one (or more) large multifunctional protein which generate macrocyclic 
lactones rings, typical o f macrolide antibiotics such as erythromycin A (Thompson et 
al., 2002; Hopwood, 1997); and type II, comprising o f several large monofunctional 
proteins, which produce aromatic compounds such as actinorhodin (Hutchinson, 1999). 
Peptide synthases are involved in the synthesis o f some o f the peptide based antibiotics, 
condensing over 15 amino acids into linear or cyclic structures (Thompson et al., 2002)
S. coelicolor A3 (2) is the most studied o f all the Streptomyces species, chosen 
originally because o f the presence o f a blue pigmented antibiotic actinorhodin; although 
it is now known that S. coelicolor actually produces two sequential pigmented 
secondary metabolites. Initially a red-pigmented antibiotic, undecylprodigiosin (Figure 
1.3B) is produced, followed by the blue pigmented antibiotic actinorhodin (Figure 
1.3A), initiation is normally synchronized with the ‘transition’ phase; a phase o f 
cannibalism where internal components are sacrificed and reabsorbed in times o f 
nutritional deficiencies.
Figure 1.3. Structure of actinorhodin (A) and undecylprodisiosin (B)
Actinorhodin (ACT) pigmentation can vary depending on the pH o f the media, 
becoming redder in colour below pH 8.5 and blue when above (Keiser et al., 2000). 
However not all the blue pigmentation can be attributed solely to actinorhodin, since 
studies have shown the synthesis o f the blue pigment when grown in the absence o f 
alkaline conditions, is that o f the pure form o f actinorhodin (Bystrykh et al., 1996). S. 
coelicolor produces various congeners o f actinorhodin, (a , p, y, 8, s-actinorhodin and 
phenocyclinone), however the blue pigmentation present consists primarily of 
y-actinorhodin. The pH o f the surrounding media will influence the act pathways as to
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whether actinorhodin or y-actinorhodin is synthesised, under neutral conditions the 
production o f y-actinorhodin is the most favoured form.
The red pigment undecylprodigiosin (RED) is actually comprised o f a mixture o f at 
least three prodiginines, most predominantly butylcycloheptylprodiginine and 
undecylprodigiosin (Keiser et al., 2000). RED production is primarily synthesised in a 
growth phase dependent manner, usually initiated during the transition phase, 
continuing through stationary growth (White and Bibb, 1997).
Two additional antibiotics are synthesised by S. coelicolor, calcium dependent 
antibiotic (Figure 1.4A) and methylenomycin (Figure 1.4B) but neither have specific 
pigments in which to observe production, therefore detection is monitored via assays. 
Both o f these antibiotics are media specific and increased quantities can be obtained 
using optimal media. Methylenomycin is a cyclopentanone, lipophilic and colourless, 
with the maximum antibacterial activity obtained at acidic conditions. Genes related to 
synthesis (mmy) and resistance (mmr) to methylenomycin are carried on SCP1, a self 
transmissible 350 kb linear plasmid. Similarly to other S. coelicolor antibiotics, 
methylenomycin is synthesised towards the end o f active exponential growth, induced 
by acid shock and nutritional limitations (Hobbs et al., 1992; Hayes et al., 1997).
Figure 1.4. Structure of methylenomycin (A) and calcium dependant antibiotic (B)
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Calcium dependent antibiotic (CDA) is a cyclic lipopeptide, consisting o f 11 amino acid 
residues linked to a six-carbon fatty acid chain, and is synthesised by a nonribosomal 
peptide synthetases. Antibacterial activity only occurs in the presence o f calcium ions 
(Ryding et al., 2002; Bum Kim et al., 2004).
Nutrient depletion initiates the synthesis o f these antibiotics, with production varying 
according to the particular substrate added to the media. Ates et al. (1997) found an 
increase in actinorhodin titres when grown in liquid cultures supplied with glucose at a 
constant but low concentration. These titre levels declined upon the addition o f higher 
concentrations o f glucose at regular intervals, indicating certain levels o f glucose could 
diminish actinorhodin synthesis over time.
Different nitrogen sources such as ammonium nitrate, ammonium chloride or glutamine 
impact on actinorhodin synthesis. The most pronounced reduction in secondary 
metabolite synthesis is observed when using ammonium as the principal nitrogen 
source. Even at low concentrations (1 mM) actinorhodin production is limited, 
undecylprodigiosin synthesis however, is more stable and can withstand up to 50 mM 
ammonium (Hobbs et al., 1990). The same study demonstrated that in S. coelicolor 
actinorhodin production was induced at an optimum level o f 0.38 mM phosphate but 
phosphate concentrations up to 24 mM were tolerated before actinorhodin production 
was inhibited. A similar pattern emerged with a comparative study on 
undecylprodigiosin, however no complete inhibition o f production occurred even with 
high concentrations o f phosphate.
The gene clusters for the polyketide actinorhodin and tripyrrole undecylprodigiosin are 
controlled partly by the transcriptional activators actII-ORF4 and redD  respectively. 
They share 33% sequence similarity but are unable to substitute for one another even 
when over-expressed; transcription o f both is thought to only occur in the transition or 
stationary phases (Bibb, 1996). Expression o f these regulators can be induced during 
exponential growth, initiating transcription o f the biosynthetic genes and stimulating the 
production o f secondary metabolites, whilst maintaining rapid growth (Bibb, 1996). 
These results indicated that the prime limitation for antibiotic production are the
Chapter 1: Introduction 9
pathway-specific regulatory genes and over expression o f these genes significantly 
increased antibiotic production (Bibb, 1996; Bentley et al., 2002).
Other regulatory pathways that could potentially regulate antibiotic pathway specific 
transcriptional activators, such as AfsK/AfsR (Floriano and Bibb, 1996) and PhoR/PhoP 
(Sola-Landa et al., 2003; Martin, 2004) were discovered in addition to intracellular 
signalling molecules such as guanosine tetraphosphate ppGpp (Chatterji and Kumar 
Ojha, 2001). AfsK was the first serine/threonine kinase described in S. coelicolor, and 
alters secondary metabolism in conjunction with AfsR and AfsS, a response regulator 
and a small protein respectively (Sawai et al., 2004). Disruption o f any gene in this 
operon results in a decreased production o f the three main antibiotics actinorhodin, 
undecylprodigiosin and CDA, conversely not all pathway mutations reduce secondary 
metabolite synthesis, some will actually enhance production and the specifics o f these 
pathways will be o f vital importance to the pharmaceutical industry.
Phosphate limitation along with other nutritional stresses is linked to the synthesis o f 
secondary metabolites, and in particular an increase in antibiotic production (Doull and 
Vining, 1990). Phosphate limitation is known to play a role in initiating antibiotic 
production (Bibb, 2005), mutations in the phosphate two component regulatory system 
o f Streptomyces, PhoRP, induces the precocious hyper-production o f antibiotics 
(Ghorbel et al., 2006a; Sola-Landa et al., 2003; Mendes et al., 2007), as does an 
inactive polyphosphate kinase, an enzyme involved in phosphate storage (Chouayekh 
and Virolle, 2002). Additional components known to be involved in nutritional stress 
sensing include ppGpp, produced during times o f nutritional limitation, signalling the 
beginning o f the stringent response. In S. coelicolor, this molecule has been shown to 
stimulate actinorhodin synthesis (Hesketh et al., 2001), alongside other signalling 
molecules such as the extracellular compound, y-butyrolactone (Takano et al., 2000).
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1.2. The stringent response
The stringent response is a defence mechanism employed by bacteria during periods of 
low nutritional content; it rarely occurs in isolation and is integrated with other global 
regulatory responses commonly induced under stress. The response has been widely 
studied in E. coli, where a complex cascade o f events occurs allowing for bacterial cells 
to adapt to miniscule changes in the environment, normally low levels o f phosphate or 
amino acid. Following this detection, the bacterial cells reduce themselves to a minimal 
unit, with the ability to sustain themselves until nutrients become available once more. 
The response is believed to be mediated by two phosphorylated derivatives o f GDP and 
GTP, guanosine (penta)tetraphosphate, (p)ppGpp; within seconds o f any amino acid 
starvation elevated levels o f this molecule are present (Cashel, 1969). Once the 
aminoacylate tRNA pool is unable to cope with the protein synthesis demand as a 
consequence o f amino acid depletion, transient stalling o f the ribosome elongation step 
occurs, which in turn initiates the activation o f the ribosomal bound RelA product. 
Studies show that the signal for the stringent response is the actual presence o f 
uncharged tRNA molecule and not the presence o f the free amino acids (Neidhardt, 
1963). Once detected, the accumulated amounts o f ppGpp and ppGppp cause the 
activation o f multiple genes related to phosphate and amino acid scavenging, either 
directly or indirectly. An additional reaction o f the guanosine nucleotides is the 
inhibition o f polyphosphate hydrolysis, reducing the exopolyphosphatase activity and 
hence the accumulation o f polyphosphate (Brown and Kornberg, 2004). In E. coli the 
RNA polymerase sigma factor RpoS plays an important role in stationary phase gene 
regulation. RpoS is influenced by ppGpp and transcriptionally regulates the initiation of 
around 50 genes involved in the downshift o f metabolism from cell growth to 
dormancy. Regulation in response to environmental stresses is a complex cascade of 
multiple intercalating processes (Figure 1.5), which allow bacterial cells to respond in 
the most efficient way to their changing environment; two component systems are a 
method in which this regulation can be controlled and maintained.
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Figure 1.5. Schematic diagram illustrating the proposed pathways involved in nutritional stress. Genes 
for the stringent response and phosphate regulon are not mutually exclusive and both are activated in 
times o f stress; in addition to the polyphosphate kinase enzyme. Dashed arrows indicate a direct or 
indirect effect on the synthesis or accumulation of the gene products. (A) Phosphate replete conditions. 
(B.) Phosphate limitation. Diagram modified from (Rao etal., 1998).
1.3. Two-component regulatory systems
Bacteria adapt to complex and changing environments by activating or suppressing 
specific enzymes and pathways. Bacteria would suffer detrimental effects if unable to 
survive common nutritional or environmental stresses, hence specific control 
mechanisms have evolved to counteract this.
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Signal transduction including the two-component system and the more complex 
phosphorelay system are commonly used by bacteria allowing for a rapid response to 
their environment. Both systems consist o f a membrane bound sensor protein and a 
cognate response regulator. The phosphorelay is more complicated incorporating an 
additional regulatory site between the sensor kinase and the regulatory protein (Bijlsma 
and Groisman, 2003; Hoch and Varughese, 2001).
SIGNAL
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Figure 1.6. Schematic diagram of a simple two component regulatory system, comprising of the sensor 
kinase (red) and the response regulator (blue). The additional histidine-aspartate phopshorelay step is 
highlighted in green (modified from Bijlsma and Groisman, 2003).
Figure 1.6 illustrates the schematic processes involved in the two-component relay 
system, comprising three phosphotransfer reactions with two phosphoprotein 
intermediates (Stock et al., 1995). Firstly a type specific signal (usually from the 
environment) is received by the sensor kinase initiating the relay via 
autophosphorylation at a conserved histidine residue. The phosphoryl group is 
transferred to a conserved aspartate residue on the response regulator causing 
conformational change in the protein which facilitates binding at specific DNA 
sequences to either induce or suppress genes. The majority o f two-component systems 
operate with the occurrence o f only one histidine to aspartate transfer; however a 
phosphorelay will have an additional protein step, and in effect the histidine-aspartate 
relay occurs twice (Bijlsma and Groisman, 2003).
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Bacteria have numerous two-component systems which function independently from 
one another. S. coelicolor has 107 two-component systems, whereas E. coli and
B. subtilis have only 34 and 41 two-component systems respectively (Bentley et al.,
2002). How do bacteria manage to maintain fidelity between sensor and regulator? 
Possible structures within the interaction domains may hold the key to this answer; 
domains for stimulus detection are diverse in both their size and amino acid sequences 
(Hoch and Varughese, 2001). Whereas the response regulator domains, however, are of 
similar length, containing numerous conserved amino acid motifs indicating a common 
evolutionary basis (Hoch and Varughese, 2001). Two component systems in bacteria 
are o f great importance since they are used in the control o f a diverse range o f 
processes. Functions ranging from osmoregulation (Env/Omp), pH tolerance, 
sporulation (Kin/Spo), chemotaxis (Che), ion transport (Bas/Cus), virulence (Vir) and 
nutrient adaptability (Koretke et al., 2000) including phosphate limitation (Pho) which 
will be dealt with specifically in the following section.
1.4. Phosphate regulation in bacterial cells.
Phosphorous is an essential element, utilised in numerous ways ranging from the 
incorporation into cellular constituents such as membrane phospholipids, nucleic acids 
and many post translationally modified proteins and therefore fulfil vital roles in 
cellular metabolism. The three principal forms o f phosphate are orthophosphates, 
pyrophosphates and metaphosphates (Wanner, 1987). Despite the relative abundance o f 
phosphate in the environment, it is found primarily as insoluble salts, so phosphate 
concentration often becomes a limiting factor for bacterial growth in vivo (Vershinina 
and Znamenskaya, 2002). Bacteria have evolved complex regulatory mechanisms, 
enabling them to assimilate phosphorous efficiently, this assimilation can be divided 
into two main stages; firstly the transport o f the phosphorus molecules into the cell, and 
secondly its incorporation into ATP.
Extensive studies into the effects o f phosphate limitation have been conducted 
particularly in E. coli, B. subtilis and Salmonella typhimurium, allowing for the 
development o f pathways and genes associated with varying phosphate levels to be 
discovered. When the levels o f extracellular inorganic phosphate (Pj) are in excess, Pi is 
transported across the cytoplasmic membrane by means o f the phosphate inorganic
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transport (Pit) system, conversely when the Pj levels are limited, uptake occurs via the 
phosphate-specific transport (Pst) system (White, 2007). During phosphate starvation, 
the phosphate-starvation inducible (psi) genes are induced, they code for numerous 
proteins and functions concerned with phosphate metabolism; i.e. proteins involved in 
phosphate transportation, cell wall biosynthesis and incorporation into pore proteins o f 
the outer membrane. All the psi genes are part o f the Pho regulon, regulated by a two- 
component signal transduction system (Vershinina and Znamenskaya, 2002)
1.4.1. A phosphate two-component regulatory system in E. coli (PhoBR) and
B. subtilis (PhoRP).
The phosphate two-component system (PhoBR) o f E. coli has been widely studied; the 
system is activated during times o f phosphate limitation and controls the expression of 
genes associated with the Pho regulon (Figure 1.7). PhoB, a membrane bound sensor 
kinase, and PhoR, the DNA binding response regulator positively control the expression 
o f the genes to the Pho regulon, by activating the transcription o f  genes belonging in the 
regulon. As with all two component systems, activation o f the sensor kinase initiates a 
cascade o f processes, in the case o f PhoBR the signal is a decrease in phosphate levels 
(Wanner and Chang, 1987). The repressed form o f PhoR (PhoRR) is present during an 
excess o f inorganic phosphate, and requires PhoU to be present along with an intact 
phosphate specific transport system (PstA, PstB, PstC and PstS) which combine to form 
a repressor complex (Wanner, 1995; White, 2007). Upon phosphate limitation, an 
activated form o f PhoR is present (PhoRA), which undergoes autophosphorylation and 
the phosphoryl group is transferred to the conserved aspartate residue on the response 
regulator PhoB (Wanner, 1995; White, 2007; Hiratsu et al., 1995). The phosphorylated 
PhoB binds to the PHO boxes, sequences o f DNA present in the promoter region to all 
members o f the Pho regulon promoters, therefore inducing the transcription of genes in 
the E. coli Pho regulon (Kim et al., 1993). Genes associated with the Pho regulon are 
shown in Table 1.1 (Paul et al., 2004; Allenby et al., 2004; Makino et al., 1993; Allenby 
et al., 2006; White, 2007).
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Figure 1.7. Regulation of the expression of the Pho regulon genes in E. coli (modified from Wanner, 
1995). Both the activated (A) and repressed (R) versions o f the PhoBR complex are represented, with the 
activated complex occurring at periods o f phosphate starvation. The intact PstSCAB with PhoU attached 
are also indicated.
The PhoP regulon o f B. subtilis is also induced under phosphate limited conditions. 
When phosphate is limited, the response regulator (PhoP) becomes activated by the 
sensor kinase (PhoR), and genes regulated by the PhoP~P are induced or repressed 
(Hulett, 1996; Hulett 2002). The sigB  ( a B) general stress response regulon also becomes 
activated during phosphate starvation, these two systems interact to control the levels in 
which each specific system is activated. So if  one regulator in either o f the systems is 
absent the expression o f the other system is induced to a higher magnitude (Antelmann 
et al., 2000; Pragai and Harwood, 2002). Maximal induction o f the PhoP regulon 
requires ResD-ResE, a respiration two component system (Hulett, 1996). However, if 
phosphate stress persists a third response regulator is activated; SpoOA which initiates 
sporulation and represses PhoRP transcription due to AbrB (a repressor preventing the 
expression o f transition stage genes, which occur during vegetative growth) and ResD- 
ResE (Antelmann et al., 2000; Pragai et al., 2004; Strauch et al., 1990).
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Table 1.1. Various known genes belonging to the Pho regulon (B. subtilis, Bsu; E. coli, Eco; S. 
coelicolor, Sco)
Gene Name Function Present PhoPAction
glpQ
glnQ
phnCDEFGHI
JKLMNOP
phoA
phoB
Glycerophosphodiesterase 
Glutamine ABC Transporter 
Phosphonate uptake and 
degradation 
Alkaline phosphatase 
Alkaline phosphatase
Bsu, Eco, Sco 
Bsu
Eco
Bsu, Eco, Sco 
Bsu
Activated
Activated
Activated
Activated
Activated
phoD Phosphodiesterase/alkalinephosphatase Bsu Activated
phoP (R) Two component response regulator Bsu, (Eco), Sco Activated
phoR (B) 
phoU
Two component sensor kinase 
Phosphate transport protein
Bsu, (Eco), Sco 
Eco, Sco
Activated
pstSCAB(BB) Phosphate transport system (Bsu), Eco, Sco Activated
resABCDE
spoT
tagABDEF
tatAD
tatCD
Involved in aerobic and anaerobic 
respiration
ppGpp synthesis and degradation 
Teichoic acid synthesis 
Component of the twin arginine 
translocation pathway 
Component of the twin arginine 
trans location pathway
Bsu
Eco
Bsu
Bsu
Bsu
Activated
Repressed
Activated
Activated
tuaABCDEFGH Teichuronic acid synthesis Bsu Activated
ugpBAECQ Glycero 1-3 -phosphate transport Eco Activated
ugpQ
vpr
ydhF
yfkN
yjdB
ykoL
yttP
y u r l
Glycerophosphoryl diester 
phosphodiesterase 
minor extracellular serine protease 
Secreted protein
Protein; unknown function 
Protein; unknown function
Eco
Bsu
Bsu
Bsu
Bsu
Bsu
Bsu
Bsu
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
In B. subtilis genes belonging to the Pho regulon perform a multitude o f functions 
ranging from the recovery and transport o f phosphate, to cell wall transformations 
during periods o f phosphate starvation. Phosphorylated PhoP (PhoP~P) represses the 
expression o f tag  genes, encoding the production o f teichoic acid biosynthesis, in 
preference to tua genes involved in teichuronic acid biosynthesis (Lahooti and
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Harwood, 1999). This switch is beneficial to the organism at times o f phosphate 
starvation, in order to conserve phosphate levels since cell walls containing teichoic 
acid represent around 15% of the cells total phosphorous level (Archibald et al, 1993). 
Cell wall formation changes its composition from teichoic acid biosynthesis requiring 
high phosphate levels, to the synthesis o f teichuroniuc acid, a polymer completely 
devoid o f phosphate molecules. Not only will this reduce the phosphate requirements of 
the cell, but the release o f teichoic acid via cell wall replacement enables enzymes, such 
alkaline phosphatases to break it down allowing for reabsorption o f the phosphorous 
(Lahooti and Harwood, 1999).
PHO boxes are specific sequences o f DNA which are recognised by the phosphorylated 
response regulator. The boxes are primarily located in the 5 ’ region o f all genes 
controlled by the species specific phosphate response regulator, PhoR (E. coli) or PhoP 
(B. subtilis). Genes known to be associated with the Pho regulon are listed in Table 1.1. 
Examples in E. coli include phosphonate repression and degradation, glycerol-3- 
phosphate transport, plus glycerophosphodiesterases involved in (White, 2007). In both
E. coli and B. subtilis, activation occurs o f  the alkaline phosphatase gene, phoA, and the 
pstSCAB  operon, (which is also present in Streptomyces). Once the trigger signal has 
been received, the response regulator can bind to all genes containing the specific DNA 
sequence o f the PHO box, thereby causing activation or repression o f the transcription 
o f any genes belonging to the Pho regulon. Most species will have specific PHO boxes; 
the PHO Box o f £  coli is an 18 bp DNA sequence CTGTCATAa/tA™CTGTCAc/t, 
consisting o f two direct repeats o f  7 nucleotides in length, separated by four adenines or 
thymines. In B. subtilis the box comprises o f direct tandem repeats o f hexanucleotides 
TTa/t/cACA with a 5 ± 2 bp spacer (Eder et al., 1999).
1.4.2. pstSCAB  operon of E. coli and B. subtilis
The pstSCAB  operon has been widely studied in both E. coli, B. subtilis and 
Streptomyces (Allenby et al., 2004; Diaz et al., 2005; Qi et al., 1997), showing that the 
gene organization is conserved in all three organisms. In E. coli the first four genes 
comprising the p st operon are required for phosphate transport, pstS, pstC, pstA  and 
pstB. Mutations in any o f these genes stop phosphate assimilation at low phosphate 
concentrations (Qi et al., 1997). Each protein from the operon has a specific function: a
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high-affinity phosphate binding protein (PstS), integral inner membrane proteins (PstC 
and PstA) assisting in the transfer o f inorganic phosphate across the membrane (Webb 
et al., 1992) and an ATP binding protein (PstB). B. subtilis has an additional gene in the 
pstSCAB  operon, encoding for an extra ATP binding protein, and therefore called 
PstB A and PstBB (Chan and Torriani, 1996). The pst operon o f both E. coli and B. 
subtilis show homology with each other, ranging from 25% to 57% identity for the PstS 
and PstB proteins respectively (PstC and PstA, 28%) (Allenby et al., 2004).
1.4.3. PhoR-PhoP and PstSCAB in Streptomyces
The PhoP regulon in Streptomyces has not been as comprehensively studied as either 
the E. coli or B. subtilis systems (Figure 1.8), but research indicated a mutation in either 
part o f the PhoRP two component system caused an increase in the secondary 
metabolite production (Ghorbel et al., 2006a; Martin, 2004; Sola-Landa et al., 2003). 
This increase in secondary metabolite synthesis could be due to either a direct or 
indirect control exerted by the PhoP, since in mutational studies antibiotic production is 
excessive and preciously produced when compared to the parental strain.
Figure 1.8. The PhoRP system in S. coelicolor, including gene length and orientation.
The PhoR product in S. lividans is a 45.4 kDa protein consisting o f 426 amino acids, 
with a potential anchoring transmembrane domain in the amino terminal region, and 
shows similarities with other known phosphate sensor kinases. The PhoP product is 
much smaller in size at 24.7 kDa, containing 223 amino acids. There are conserved 
regions in the amino terminal region showing homology to other PhoB (PhoP) like 
proteins, plus a DNA binding m otif in the carboxyl terminal region (Sola-Landa et al.,
2003). The sensor protein PhoR, autophosphorylates at a conserved histidine, H is-165,
Chapter 1: Introduction 19
whereupon the phosphoryl group is transferred to a conserved aspartate region, Asp-49 
o f the response regulator, PhoP. Mutations in the PhoRP two component system of 
S. lividans impair cellular growth at low phosphate concentrations and PhoRP has been 
shown to regulate the alkaline phosphatase in S. lividans. It has been proposed there is 
also PhoU present in S. lividans, located downstream of PhoR, as it possesses a 28.1% 
amino acid similarity with the PhoU o f E. coli (Ghorbel et al., 2006). PhoU of 
S. lividans encodes a 79 amino acid metallothionein protein, suggested to be involved in 
sensing oxidative stress in a variety o f bacterial organisms (Ghorbel et al., 2006). The 
PHO box o f S. coelicolor is a consensus sequence o f Gg rTCAYYYR(l/CG, (where R is 
purine and Y a pyrimidine) (Sola-Landa et al., 2005), comprising o f two tandem direct 
repeats o f this 11 bp sequence. However due to the ambiguous consensus sequence no 
specific PhoP targets could be determined through searching the genome sequence of 
S. coelicolor. Similar PHO box sequences have been found in the homologous genes of 
other Streptomyces species.
The pstSCAB  operon o f S. coelicolor has been classified (Figure 1.9), and is 
homologous to both the previously described operons in E. coli and B. subtilis, 
comprising pstS  (370 aa), pstC  (336 aa), pstA  (354 aa) and pstB  (258 aa). Similarity is 
relatively high when compared with E. coli and B. subtilis ranging from 38% to 72% 
between the amino acid sequences. E. coli showed the higher degree o f similarity to the 
Streptomyces pstSCAB  operon and pstB  showed the highest similarity out o f all the 
genes amongst the operon.
<-------------------------------------------------------------------------------------------------------------------- p.
4182 bp
Figure 1.9. The pstSCAB operon in 5. coelicolor, including gene length and orientation.
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1.4.4. Polyphosphate kinase
Polyphosphate kinase is an enzyme encoded for by the p pk  gene, primarily involved in 
the production o f  long chains o f inorganic polyphosphate (poly P) from molecules of 
inorganic phosphate (P,). This enzyme is involved in numerous reversible reactions 
(i-iii) described below, o f which (i) is thought to be the most energetically favoured.
Inorganic polyphosphate is a linear polymer comprising o f tens to hundreds o f 
orthophosphate residues, coupled together with high-energy phosphoanhydride bonds. 
Polyphosphate chains are formed by the dehydration o f inorganic phosphate (Pj) at 
elevated temperatures (Kornberg et al., 1999). The formation o f  these chains was 
important in prebiotic evolution because they acted as a polyanionic scaffold on which 
macromolecules could assemble. The chains o f inorganic phosphate were potentially 
involved as phosphorylating agents reacting with both activated alkyl groups and amino 
acids to produce fatty acids and polypeptides (Brown and Kornberg, 2004).
Polyphosphate chains are utilised in many reactions in the bacterial cell but they 
principally constitute a phosphate reservoir to be mobilised in times o f phosphate 
limitation, and therefore they are an important energy source. However poly P has many 
other functional roles, such as the chelation o f ions, a buffer against alkali conditions,
Kornberg el al. (1999) found that poly P chains were involved in the regulation o f 
adaptive responses as demonstrated by the fact that E. coli strains deficient in poly P 
synthesis were found to have an increased sensitivity to nutritional or environmental 
stresses and were less able to survive the stationary phase. This phenomenon is possibly
(i) Pj + A T P  ► poly P +  A D P
(ii) P, + GTP -------► poly P +G D P
(iii) Poly P„ + GDP *  *  Poly P„-i + GTP
\  H D 'S ,
Long chain of polyphosphate (poly P)
HO
and in the formation o f  Ca2+ channels in plasma membranes and bacterial capsules.
due to the regulatory effect that poly P chains have on RpoS, a a 38 factor controlling the
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induction o f around 50 genes in the stationary phase. The primary stress signal in E. coli 
is the generation o f ppGpp, which causes levels o f poly P to accumulate, the presence 
o f polyP induces the transcription o f rpoS  and therefore the activation o f several 
stationary phase genes under its regulation (Shiba et al., 1997). However in Salmonella 
typhimurium, RpoS is responsible for the stationary-phase expression o f virulence 
factors, perhaps indicating that poly P is a complex molecule with a variety o f species 
specific functions (Tzeng and Kornberg, 1998).
The stringent response observed in E. coli during exponential phase (discussed in 
section 1.2.), activates relA alongside the synthesis o f ppGpp, a small signalling 
molecule which regulates the transcription o f rRNA and proteins, in turn activating the 
expression o f specific biosynthetic genes (Lazzarini and Cashel, 1971; Rao et al, 1998). 
Simultaneously low levels o f phosphate induce the Pho regulon, via the response 
regulator PhoB (discussed in 1.4.1). Rao et al, (1998) showed that E. coli phoB  mutants 
accumulated little or no poly P during times o f phosphate limitation, indicating that 
PhoB has a direct role in poly P accumulation. Poly P levels remained fairly constant 
when nutrients are abundant, whereas an accumulation o f poly P occurred when both 
amino acids and phosphate concentrations were limited. The nucleotide ppGpp is either 
synthesised by RelA or by SpoT and is required in order for poly P levels to 
accumulate. PhoB, the response regulator o f the Pho regulon o f E. coli, is also required 
for poly P accumulation in phosphate-limited medium; hence polyphosphate kinase 
(Ppk) may influence the quantity o f poly P present in the cell (Rao et al., 1998; Kuroda 
et al., 1997).
The accumulation o f poly P in E. coli during stationary phase was initially presumed to 
provide an energy reserve, readily converted into ATP. Subsequent studies have shown 
that the metabolic turnover o f ATP occurs in milliseconds, therefore the elevated poly P 
would only supply ATP for a maximum o f a few seconds (Chapman and Atkinson, 
1977). Consequently other theories for the use o f  poly P are being considered, one o f 
which suggests a more regulatory function (Rao et al., 1998)
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Numerous enzymes are associated in the production and degradation o f poly P 
accordingly with the phosphate concentration within the cell. The most significant o f 
these enzymes is the polyphosphate kinases (Ppk), however others include the 
exopolyphosphatases, which release Pj from the ends o f poly P chains and 
endopolyphosphatases, which cleave bonds to make progressively shorter chains o f 
Poly P (Brown and Komberg, 2004). The Ppk amino acid sequence has been found to 
be highly conserved in 14 species o f bacteria, including some o f the major pathogens, 
Mycobacterium tuberculosis, Mycobacterium leprae, Helicobacter pylori and 
Campylobacter coli (Tzeng and Kornberg, 1998).
In Streptomyces, Ppk is a 774 amino acid polypeptide o f 86.4 KDa, showing similar 
enzymatic properties to the Ppk o f E. coli. The ppk  gene encodes an enzyme which 
catalyses the reversible binding o f the y phosphate o f ATP to form long chains of 
polyphosphate (PolyP). In times o f phosphate sufficiency, when ATP/ADP ratios are 
high, the enzyme acts as a polyphosphate kinase (PPK), however, in starvation 
conditions, the reverse reaction catalysed by a nucleoside diphosphate kinase (NDPK) 
occurs (Figure 1.10.), allowing the regeneration o f ATP from ADP and polyphosphate 
chains (Ghorbel et al., 2006). The putative p pk  gene is conserved among antibiotic 
producing Streptomyces, and some other bacteria (E. coli), however it has been shown 
that in certain species o f Bacillus, there is not a functional p pk  gene. In B. cereus, genes 
homologous to p p k l  and ppx  o f E. coli were discovered (Shi et al., 2004), null mutants 
had impaired motility, poor attachment to abiotic surfaces, although these characteristics 
were thought to be due more to the fluctuating poly P levels than the inactivation o f the 
pp k  gene itself.
PPK
jo oh + ATP
<j—
NDPK
Inorganic phosphate
5/ 0H 0 OH
HO' \  a X  J0 OHXv X +ADP
HO t) HO 0
Long chain polyphosphate
Figure 1.10. Reversible reactions catalysed by the polyphosphate kinase.
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The Ppk enzyme has been suggested to have a role in the nutritional stress regulation, 
Different pieces o f evidence support this conclusion such the involvement o f poly P in 
the stringent response, and the induction o f ppk  transcription in minimal medium which 
occurs in the latter stages o f growth. This in turn can be United with increased antibiotic 
production. In fact, nutritional stress in Streptomyces usually initiates secondary 
metabolite production and S. lividans mutants deficient in p p k  had elevated levels of 
actinorhodin when grown on a low phosphate media, conversely when grown on a 
phosphate rich media, this occurrence reversed and no actinorhodin was synthesised 
(Chouayekh and Virolle, 2002).
1.5. Functional Genomics
Research in the field o f molecular genetics has evolved incredibly over the last decade 
due to the development o f new techniques. The most recent developments can be 
grouped under the umbrella o f functional genomics and include transcriptomics 
(transcription level), proteomics (proteins) and metabolomics (metabolites). The aim of 
functional genomics is to understand how genes/proteins interrelate with each other to 
produce a functioning cell or organisms (Lockhart and Winzeler, 2000; Eymann et al., 
2002). The individual disciplines in functional genomics are complementary; 
proteomics can be used to investigate final expression o f products rather than the 
intermediate, highlighting post-translational modifications such as phosphorylation or 
glycosylations; whereas the transcriptional analysis using mRNA is informative about 
the cell state and activity o f the genes (Lockhart and Winzeler, 2000; Lucchini et al., 
2001).
1.5.1. Microarrays
This technology was developed from reverse northern blots on filters with radioactive 
labelling to a more sensitive technique involving multicolour fluorescent labelling, 
analysing many thousands o f genes concurrently (Watson et al., 1998). A microarray is 
a series o f nucleic acid probes immobilised on a solid structure. The advent o f high- 
throughput robotics and scanning equipment has paved the way for the simultaneous 
detection and analysis o f expression profile patterns for thousands o f genes (Bryant et 
a l ,  2004).
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Microarrays can be printed with cDNA generated through primer specific PCR 
(polymerase chain reaction) or gene specific PCR amplicons. Alternatively spotted 
microarrays can be printed with gene-specific oligonucleotides probes. Oligonucleotides 
can be obtained in two ways, either synthesised in situ, hence directly attached to the 
slide, or pre-synthesised ready for depositing onto the slide with a printing robot 
(Watson et al., 1998). Oligonucleotides (generally 50-70 mer) are usually preferred, 
especially for sequenced genomes with published data, however, for unsequenced 
organisms PCR products can be used.
Currently microarrays are being used extensively in research for a multitude of 
applications from diagnostics to cancer screening, genotyping to evolutionary studies. 
Phylogenetic studies and classification were originally carried out using rRNA, rDNA 
or specific signature sequences, in particular a study by Gupta et al. (2002) used 
sequence alignments o f different proteins to identify any conserved inserted or deleted 
regions which were either unique characteristics or shared by certain sub divisions of 
proteobacteria. In effect these signature sequences were used as a means to define 
proteobacterial phyla allowing for an understanding o f their evolutionary relationship. 
Recently, with the generation o f species specific microarrays, evolutionary studies have 
been conducted, for example multiple polymorphisms were discovered between two 
yeast strains (Segre et al., 2006).
Concerning the human microarrays, a lot o f effort is being concentrated on diagnostics, 
either cancer classification and profiling or studies aimed at the identification of 
particular drug targets with the ultimate goal o f developing new and more effective 
drugs. A diagnostic array for the detection on the influenza B virus, principally affecting 
humans, has been developed. Initial tests show that the sensitivity o f the array is 97%, 
and the specificity is 100%; results can be obtained within eight hours, thereby offering 
a quicker more accurate diagnostic tool compared to the traditional cultivation o f the 
virus (Dankbar et al., 2007). Bacterial research is taking advantage o f novel genome 
sequencing for gene expression profiling, mutation and nutritional and regulatory 
pathway studies (van Berkum and Holstege, 2001).
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A schematic representation o f a microarray experiment used in this project is shown in 
Figure 1.11; the basis for most microarray experiments is similar but certain steps may 
be included or deleted depending on reference to the questions asked in each specific 
experimental hypothesis. Initially RNA or DNA is extracted from culture samples, 
specific known quantities are labelled with cy-dyes; incorporated along the length o f the 
transcript at either guanine or cytosine residues. Samples are placed onto the surface of 
a glass array previously spotted with the target DNA. On completion o f the ‘wet’ work, 
images o f the arrays can be generated using laser scanners, measuring the intensity o f 
the cy-dye emissions at specific wavelengths. Data analysis is conducted, initially by 
the removal o f spots deemed either weak, damaged or corrupted by artefacts; secondly 
by other software packages normalising and analysing the data in order to produce 
reliable valid results (discussed in more detail in section 1.5.1.3).
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Figure 1.11. A schematic diagram indicating the steps involved in a general DNA microarray. Starting 
with the initial biological experiment and RNA/DNA extractions, followed by labelling and actual 
hybridisation of the biological sample with the control. Final steps include primary analysis using laser 
scanners and image analysis completed via secondary analysis and the generation o f significant genes
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1.5.1.1. Types o f coating used on glass supports
Since their initial development from nylon membranes, microarrays using glass 
supports have now become the preferred method. Nucleic acids will not bind effectively 
to glass, so different slide coatings have been developed to increase the binding capacity 
o f the DNA. Early arrays were coated in-house mainly using poly-lysine, now 
commercial companies produce arrays at a reasonable cost, increasing the robustness of 
the system as slides can be quality controlled and surfaces previously difficult to 
produce in individual laboratories are now produced by commercial suppliers.
Poly-L-Lysine slides were one o f the first and simplest o f the array coatings, a 
positively charged surface is created on a solid surface onto which unmodified DNA 
can bind. Slides can either be bought pre-coated or produced in-house, effectively 
reducing the overall cost o f an array (DeRisi et al., 1997; Shalon et al., 1996). The poly­
lysine coating gets damaged very easily, with patches o f target DNA routinely being 
‘scraped’ off, which coupled with the high background produced by ineffective 
blocking techniques, could often render the arrays useless.
A more robust system uses slides coated with aldehyde groups. The DNA being spotted 
onto the array is modified with the addition o f amino groups, target DNA is obtained 
from either PCR or amino-modified oligonucleotides. The amine group on the amino- 
modified DNA acts as a nucleophile, attacking the carbon atom on the aldehyde 
covalently attached to the slide, creating an unstable intermediate. After dehydration 
this intermediate is converted to a Schiff base, effectively binding the DNA to the slides 
surface. Sodium borohydride is used as a blocking agent reducing any unreactive 
aldehyde groups to primary alcohols (Zammatteo et al., 2000).
Amine groups, in the form o f a chemical such as aminosilane are coated onto the glass 
slide. DNA can be attached using charged interactions between the negatively charged 
phosphate groups on the DNA and the positive charged amino groups on the slide. All 
coatings are cross-linked using ultraviolet light to immobilize the DNA on the glass 
surface (Watson et al., 1998).
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Recent developments to slide chemistry have been seen in the development o f a three 
dimensional gel matrix to enhance binding. CodeLink™ slides immobilise 
oligonucleotides covalently through an active functional group on a polyacrylamide 
matrix slide surface. The gel surface is hydrophilic, thus reducing non specific binding 
and high backgrounds, the three dimensional aspect o f the surface promotes solution 
based kinetics in an aqueous biological environment, enhancing the sensitivity o f the 
array (Hardiman, 2004).
I.5.I.2. Principal printing technologies
Figure 1.12. Principal microarray manufacturing technologies, (a) Photolithography, (b) Mechanical 
microspotting (c) Ink jetting. Figure from (Schena et al., 1998)
The three principal spotting technologies are shown in Figure 1.12. High density in situ 
oligonucleotides microarrays are produced using photolithography (Figure 1.12a) 
developed by Fodor et al. (1991) (Affymetrix). Oligonucleotides are synthesised in situ 
and anchored at the 3 ’end, maximising the hybridisation from the single stranded 
nucleic acid. Photolabile groups (X) are selectively activated for DNA synthesis by 
shining a light through a photomask (M l), the support is flooded with DNA bases (A, 
X) resulting in a coupling on the glass surface, a second photomask (M2) is used to 
protect the layers already completed. Repetition o f the masks and lying down of
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multiple bases enables the generation o f high-density oligonucleotide microarrays. A 
major advantage o f this method is that a high probe density can be achieved allowing 
more features to be represented on the array (Hardiman, 2004).
Mechanical spotting techniques (Figure 1.12b) have evolved significantly from the 
initial solid metal pins originally used to produce DNA microarrays (Shalon et al., 
1996). Capillary pins are currently the main delivery systems being used (including the 
microarrays used in this study), allowing for more regular, consistent spots containing 
known volumes o f target DNA. This system is more advantageous even though the 
expense is still high, it is still within an achievable level for use in individual 
laboratories; however the disadvantage o f this system is, the time and personnel for the 
manufacture o f the arrays and the degradation o f oligo or cDNA libraries over time.
One o f the more advanced printing methods is the ink je t (Figure 1.12c), utilising 
propulsion technology to transfer biochemical substances onto the slide surface through 
miniature nozzles (Schena et al., 1998). Agilent slides synthesise 60-mer probes 
(25-mers used by Affymetrix) in situ on the glass surface using inkjet printing and 
phosphoramidite chemistry (Hardiman, 2004). Other non contact spotting methods have 
been developed from the ink je t method o f printing, with piezoelectric and syringe 
solenoid as the two commonest forms. Piezoelectric involves the target solution to be 
drawn up into a capillary in contact with a piezoelectric crystal. When a voltage is 
applied to the crystal, conformational effects occur squeezing the capillary, and 
depositing a small volume o f solution onto the glass slide. Although very small volumes 
can be delivered at high speed, this method can be prone to air bubbles affecting spot 
morphology (Affara, 2003). The syringe solenoid method is not as rapid as the 
piezoelectric nor is the deposited volume as small but this system is more precise and 
reproducible in its spot morphology. This method works using a syringe pump positive 
displacement system, the sample is drawn into the dispensing tip via the pressure 
provided by the syringe, and once pressurised the micro-solenoid valve can open, 
depositing small volumes o f sample onto the glass slide (GE Healthcare, 2007).
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I.5.I.3. Data Analysis and Normalisation
Microarray technology is a powerful tool for genome research, and with the number of 
sequenced genomes rapidly increasing, has meant microarrays can be designed for a 
diverse range o f species; however the nature o f this technique has created a great deal of 
data that need the input o f bioinformaticians to be analysed properly. In addition, data 
produced from microarray experiments are ‘noisy’ so replication is needed within each 
set o f experiments. Two main types o f  replication are used; biological, performing 
multiple independent biological experiments; and technical replicates, the same samples 
o f  extracted RNA or DNA are hybridised onto different arrays. Biological replication is 
more preferable to technical replicates, differences during individual growth phases will 
be more variable than those between arrays, even incorporating the differences caused 
by printing robots and dye bias. M ost arrays now have enough space to fit at least 
duplicate spots o f each genome, decreasing array specific variations such as washing 
and other artefacts that can be generated during the processing o f the array. Triplicate 
biological data is the most desired replication incorporating triplicate technical 
replicates, but this technical replication is often not performed mainly due to time 
constraints and costs (Lee et al., 2000).
Primary analysis is the first stage in converting the ‘w et’ lab work into a quantitative 
computational format. Laser scanning equipment detects the fluorescence o f the cy-dye 
emitted from each array, converting the raw data from the slide into TIFF image files. 
Each pixel on the data image is a representation o f  the fluorescence intensity induced by 
focusing the laser at that point on the array (Stekel, 2003). W ith the two colour arrays, 
the output from the scanner is usually two monochrome images, one for each cy-dye 
using specific but different laser wavelengths, these can be combined to give the 
traditional red-green false colour; scanned at 532 nm for the cy3 channel (green) and at 
635 nm for the cy5 channel (red). Acquiring images is an important step within 
analysis, once scanned the data whether high or poor quality is effectively fixed, any 
subsequent manipulations o f this data depends on the quality o f this initial analysis 
(Leung and Cavalieri, 2003). Determining the best quality o f each slide depends on 
various conditions, essentially with a balanced image the ratio o f cy3 to cy5 should be 1 
whilst maintaining the minimum number o f over saturated spots. Excessive scanning
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should be avoided as spots may become photo bleached, decreasing the overall intensity 
o f the cy-dye emissions.
Software packages convert TIFF image data into quantified numerical data. A GAL file 
produced by the array manufacturer includes all the information for each spot on that 
specific array, highlighting the negative and positive controls; this GAL file along with 
the two TIFF image files are overlapped and the signal from each spot and background 
is quantified. In our laboratory we use an image analysis software called BlueFuse 
(BlueGnome, Cambridge, UK) This program uses a statistical approach to quantify the 
signal and background for each spot and to assign a confidence value comprised 
between 0 and 1 to each spot. The excel file generated at the end o f the quantification 
will contain useful additional information about spot intensities, circularity, and 
uniformity, which when combined gives an overall confidence to each individual spot. 
It is at this stage that spots can be removed from further analysis if  they are considered 
as artefacts, problems such as low intensities or an increased background are often 
associated with poor spots. Expression levels for a given gene are determined using the 
overall intensity value o f the spot either measuring the relative expression (two cDNA 
labellings, e.g. wild-type against mutant and measuring the difference in expression 
between the two labelled samples) or determining the absolute level o f expression 
(using genomic DNA (gDNA) as a reference which assumes there is competition for 
hybridisation between the reference and sample).
The next step is the normalization o f the data set, the purpose o f the normalization is to 
remove the systematic bias o f the data whilst maintaining the gene expression variation 
occurring through biological transcriptional changes (Pevsner, 2003). Normalisation 
involves multiple steps: the basic step is the normalization ‘per spot’ where we take the 
ratio between the sample and the reference for each spot, this removes artefacts due for 
example to differences in the amount o f DNA that is printed for each spot. The second 
step is the ‘per chip’ normalization. There are different methods to do this normalization 
step depending on the specific experimental design. In the experiments carried out 
during this work we have used genomic DNA as common reference. For this type of 
experiment we normalize to the median value o f all ratios between signal and reference 
within the array. This step is to remove any ‘spatial effects’ due to difference in
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hybridisation signals across the array. Dye bias can be a problem in experiments where 
two cDNA samples are directly compared. This bias can be due to unequal labelling 
efficiency between the cy3 and cy5 so in order to minimise the effect o f the dye bias, 
reciprocal labelling by dye swaps are usually performed, where each sample will be 
labelled with both cy3 and cy5. When using genomic DNA as the reference the sample 
and DNA are always labelled with the same dye, therefore there will be no bias between 
the samples. M ost software packages for image and data analysis perform the 
normalisation step (BlueFuse, GeneSpring are the one that we have used in our 
laboratory) As mention previously, the correct normalization step will depend on the 
exact nature o f each experiment e.g. Lowess should not be performed on arrays where 
gDNA was used as the reference but only in experiments where two cDNA samples 
were directly compared. The Lowess normalisation merges two colour data and applies 
a smoothing adjustment which removes the dye bias variations, since these variations do 
not occur with gDNA this normalisation method would be unsuitable for those 
experiments. Once normalised, data is checked for any skewness, a normal distribution 
(bell) shaped curve should be present, with a peak being closest to the middle o f the 
data set (at the mean). Any asymmetry in this curve results in either a positive or 
negative skew.
Secondary software packages such as GeneSpring (Agilent Technologies, California 
USA) and Bio-conductor (http://www.bioconductor.org) are used to analyse the data 
e.g. visualise the data and identify gene changes that are statistically significant. These 
programs have rigorous statistical analysis algorithms, resulting in data not only 
reflecting ‘real’ biology but also being statistically validated. The final stage o f analysis 
applies various statistical and data mining techniques, obtaining statistically reliable yet 
biologically accurate results. Each statistical test depends on the nature o f the 
experiments and the questions you want to ask. For most studies the generation o f a list 
o f differentially expressed (DE) genes may be desirable, indicating any differences 
between strains whilst applying a statistical significance to each gene. DE gene lists can 
be created using either a threshold value for an increase or decrease in fold change, or 
perhaps via a ranking system o f the data (Breitling et al., 2004; Breitling and Herzyk, 
2005).
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Genes can be manipulated using statistics such as clustering (Hibbs et al., 2005), self 
organising maps (Tamayo et al., 1999; Toronen et al., 1999) and principal component 
analysis (Hibbs et al., 2005) to get the best answer and a viable hypothesis from the 
experimental data. However other but less diagrammatic methods are being used, such 
as Rank Products, where genes will be ranked in order o f significance and expression 
levels, data can then be either excluded or included depending on the individual 
statistical value (Breitling et al., 2004; Breitling and Herzyk, 2005).
Hierarchical clustering will generate clusters according to the expression levels o f the 
genes (Figure 1.13.). Clusters are created by repeatedly grouping together the genes that 
are highly correlated in their expression measurements, and continuing with the 
generated groups, clusters can be visually identified using dendrograms (Hibbs et al., 
2005). Genes whose expression patterns are closely associated with one another are 
connected by a node, each node links to other nodes which continues in a repetitive 
process until each pair o f genes are linked (Jaluria et al., 2007; Eisen et al., 1998). 
Advantages o f this method are the ability to observe similarities within the experiment, 
however clustering ignores any negative associations, which may be relevant to certain 
experiments, plus clusters are not globally optimal and any initial mistakes in the 
linking o f branches can not be rectified.
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Figure 1.13. Example o f hierarchical clustering
Similarly to hierarchal clustering, self organising maps (SOMs) generate a review o f the 
expression patterns but the approach used is completely different (Figure 1.14.). SOM 
have a variety o f features which make their use particularly suited to the clustering and 
analysis o f gene expression profiles (Tamayo et al., 1999).
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Figure 1.14. Example of a self organising map (SOM)
Genes are initially organised into points on a multidimensional space, each biological 
sample is considered a separate dimension and once axes have been created genes are 
organised using their expression levels as coordinates. Advantages are the fast and easy 
visualisation o f the data in a two dimensional format, but once again negative 
correlations are difficult to find and genes can only belong to one cluster, which is not 
always biologically accurate (Butte, 2002; Toronen et al., 1999).
Principal component analysis (Figure 1.15.) is a multivariate statistical technique used 
to simplify complex data sets (Raychaudhuri et al., 2000). Principal components are a 
set o f points in the space that describe the variation seen between the points, with the 
first principle component identifying more variation than the second and so on, 
generally the first two or three components are used to visualise the organisation o f the 
genes (Butte, 2002). Analysis o f microarray data can be conducted on the genes as the 
variables, or whole experiments as variables both of which can be represented in 
multidimensional space (Butte, 2002; Raychaudhuri et al., 2000).
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Figure 1.15. Principal component analysis
I.5.I.4. Validation and reproducibility
Main concerns about microarray data are the reproducibility, sensitivity and robustness 
o f the system. An entire experiment from beginning to end will involve numerous steps, 
sometimes involving different personnel, different arraying platforms, reagents and 
software programs, so how robust can the data be over the duration o f the whole 
experiment? Certain protocols have been adapted within different laboratories, reducing 
inter laboratory variation but how reliable and consistent are the data across institutions 
remain to be established. All microarray experiments should have complied with 
standards set by MIAME (Minimal Information about a microarray experiment) 
(Brazma et al., 2001), where experiments are separated in subparts containing 
information about samples, experimental and array designs, hybridisation methods, 
measurements and normalisation controls. This protocol information along with the 
experimental results should be uploaded to a data repository such as the Array Express 
at EBI (http://www.ebi. ac.uk/arrayexpress/#ae-main[0]) or GEO at NCBI 
(http://www.ncbi.nlm.nih.gov/geo/), and once the data is accepted by peer review it 
becomes publicly accessible.
Numerous studies have been conducted comparing different platform technologies, 
either between or across institutions to determine the reliability and robustness on the 
microarrays, all resulting in different answers. Initial platform comparative studies by 
Kuo (2002) et al, suggested cDNA from in-house printed arrays could not be directly
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compared with commercially synthesised oligo arrays. A major limitation o f this study 
is, although identical originating cell lines were used, different experimental procedures 
were followed. A more correlated study by Tan et al. (2003) compared identical RNA 
preparations in triplicate to three major microarray suppliers (Affymetrix, Agilent and 
Amersham CodeLink), concluding differences occur between the platforms. The most 
extensive study to date assessing microarrays, according to reproducibility, quality, 
normalisation, one colour versus two colour and various limitations was performed by 
the MAQC project (funded by US Food and Drug Administration). Two commercially 
produced (Ambion) RNA samples were used, creating four pools o f varying ratios 
(MAQC Consortium, 2006). In total 1, 327 microarrays were used, on platforms from 
six commercially available companies (Applied Biosystems, Affymetrix, Agilent 
technologies, GE healthcare, Illumina and Eppendorf), plus one spotted array from the 
National Cancer Institute (NCI), whereby DNA was printed separately from the 
manufacturer. Each platform was completed across three sites, using five replicates on 
each o f the four RNA pools.
For assessing platform performance and normalisation techniques, a pooled ratio of the 
two commercial RNA samples was used on five platforms across the three sites. When 
comparing across multiple platforms and sites, the correct rank ordering o f the titration 
samples was shown for more than 90% of genes showing a two fold difference. Data 
suggested that the arrays used were capable o f detecting small fold change differences, 
however the alternative normalisation techniques performed (according to each o f the 
array manufacturer’s procedures) indicated noticeable differences occurring. The final 
conclusion suggested that data across sites and platforms were similar, but since the 
RNA ratio samples detected were not as expected, it indicates data processing and 
normalisation are not the main cause for deviations, it is more likely to have resulted 
through differences in mRNA abundance (Tong et al., 2006).
For assessment o f one-colour versus two-colour, four different arrays were used; 
however a complete inter-platform inter-site study was not conducted. Both colour 
systems had similar reproducibility levels, but two colour arrays were found to be 
slightly more advantageous in sensitivity, although the data from one colour arrays was 
less compressed. Overall, it was concluded that both systems produced equivalent
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results, giving a similar biological insight (Patterson et a l ,  2006). Another study 
performed on only one-colour arrays for a comparative study against all platforms, 
across multiple sites. Results infer that expression values across all platforms were 
reflective o f biology, but differences occurred across platforms depending on 
sensitivity, specificity, repeatability and ratio compression (MAQC Consortium, 2006). 
Each platform has advantages and disadvantages but on the whole did not affect the 
biological outcome, confirming a previous study by Yauk et al. (2004), which compared 
different cDNA platforms, and found a definite reproducibility within each platform. 
With the top performing platforms showing a correlation among biological results; 
indicating results change according to valid biological reasoning and not due to 
technical variations across the platforms.
As with any experiment or new technology, the findings will only be valid as long as 
the standard operating procedures are maintained throughout the entire experiment, and 
microarrays are no exception. There will always be arguments for and against the 
reproducibility, validity and accuracy o f the microarrays, however as long as certain 
standards are maintained, incorporating the validation o f a representative sample o f 
genes using more traditional, quantitative methods, such as northern blotting or QRT- 
PCR, they provide a powerful tool in generating a greater understanding of 
transcriptional processes (Taniguchi et al., 2001). Validation however can bring extra 
problems, certain techniques will confirm those found with the microarrays but which 
methods are more reliable and what if  the gene o f interest is one o f those which can’t be 
validated. Kothapalli et al. (2002) verified results from cDNA experiments using 
northern blots, o f  17 differentially expressed genes, eight genes (47%) were confirmed 
and five (31%) were not, four (24%) remaining clones did not correspond to the 
information supplied by the manufacturer. Yuen et al. (2002) confirmed array results 
from two separate platforms with QRT-PCR; o f the 47 differentially expressed genes 
common to both platforms, 17 genes with changed expression and ten non-changing 
genes were identified by comparing relative expression o f the QRT-PCR results against 
that o f the arrays, it was concluded that both platforms underestimated the high 
expression ratios. However it is not necessary to independently confirm every change 
for results to maintain trustworthy, particularly if  conclusions are based on sets of 
genes, therefore supporting each other (Lockhart and Winzeler, 2000).
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1.6. Fermentation
Increased reproducibility among methods for the cultivation o f  microbes are always 
being investigated, especially among Streptomyces species. The natural inherent growth 
phases o f this species cause numerous problems associated with replication and 
reproducibility over the course o f  an experimental study. In theory these should be kept 
to a minimum but in reality stochastic changes can affect the entire growth pattern o f an 
organism. Due to the hyphal growth o f Streptomyces species reproducible growth 
curves are difficult to achieve. Growth is by elongation and branching o f the hyphal 
tips, allowing exponential growth in young mycelium (Keiser et al., 2000; Hodgson, 
1992; Hopwood, 2007), however as cultures increase in age over numerous generation, 
central parts o f the culture may incur nutrient limitation as predominance for pelleted 
cultures increases. Some highly filamentous cultures, in particular mutants generated for 
their branching ability, and therefore reducing the formation o f pellets, can grow 
homogeneously but in the main Streptomyces liquid cultures will pellet, producing a 
heterogeneous, multistage growth.
Numerous methods have been adapted to enhance homogenous liquid growth, such as 
the addition o f sucrose, polyethylene glycol or even agar, but generally the more 
complex the medium, the faster the growth rate and hence a decrease in pelleting 
(Keiser et al., 2000). Complex media is relevant for certain biochemical or 
physiological techniques, but if  a more detailed metabolic flux investigation is proposed 
the complexity o f the media will interfere with the results, so a chemically defined 
medium will be required, reintroducing the heterogeneity problem.
Different physical growth adaptations can be used, baffled flasks or plain flasks with the 
inclusion o f metallic springs or magnetic stirrers; these act by mechanically breaking 
down mycelial branching, enhancing dispersion. Main disadvantages for these growth 
conditions are the individual cultivation o f these cultures; each flask represents a unique 
microcosm, which when combined for larger studies could be influenced by multiple 
external factors expanding on the internal genetic differences being investigated. In 
order to limit these external factors the use o f a batch grown fermenter culture was 
employed in this project. Batch cultures (Figure 1.16.) grown in this way will keep 
certain inconsistencies, such as pH levels, oxygen rates, temperature, and impeller speed
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to a minimal, while allowing for the monitoring o f additional factors, such as outlet 
gases (CO2 and O2), and dissolved oxygen (dCh). However certain physico-chemical 
conditions will still arise. In future cultures grown in continuous (chemostat) growth 
would be more desirable, samples would be grown to a desired steady state before being 
harvested, and possibly eliminating a majority o f the varying external factors 
(Hoskisson and Hobbs, 2005).
AIR
FLO W
ACID/BASE CONTROL 
HEATING/COOLING FINGER
Controlled M easured
Figure 1.16. Diagrammatic representation o f a batch culture fermenter. Controlled and measured 
variables are indicated.
The kinetics o f fermenter batch cultures and those in flasks are similar, although the 
fermenter has a more controllable format. Depending on the degree o f breakage or 
mixing required, the mycelium growth differs depending on the specifics o f each 
impeller; a marine impeller will pull the culture from around the vessel walls back into 
the centre ensuring complete homogeneity, whereas a Rushton impeller will be just 
above the air flow, spreading the stream guaranteeing complete aeration. The speed of 
the impellers can vary either over time or between the growth run, adapting to the 
cultures requirements.
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Temperature and pH will be kept constant, minimising potential ‘hot’ spots in 
incubators, in flask cultures the acidity will vary over time, buffers can be added to 
reduce this effect but the more consistent the culture, the more reproducible the results. 
Causton et al. (2001) found that in Saccharomyces cerevisae at least two-thirds o f genes 
were expressed under environmental changes, such as pH, salt concentrations and heat. 
These findings can probably extend to other microorganisms, including Streptomyces. 
In fact it has been discovered that methylenomycin production increases in S. coelicolor 
after an acidic pH shock (Hayes et al., 1997). Therefore consistency is needed when 
performing growth curves for transcriptional analysis, as some o f the changes found 
with the data could perhaps be a result o f minor environmental shifts. An additional 
benefit o f the fermenter or indeed a chemostat, is the ease in which a heat or acid shock 
can be produced, alter the settings using the fermenter and immediate aseptic variability 
can occur. In fact is has been shown that in instances such as the monitoring o f 
catabolite repression, substrate and product inhibition fed batch cultures are remarkably 
effective. Penicillin production is known to be affected by excessive levels o f glucose, 
however if  a small volume is added periodically using a fed batch, yields of penicillin 
increase (Ates et al., 1997; Pirt and Righelato, 1967).
In this project the fermenter is being used as a tool to increase the reproducibility o f 
Streptomyces growth characteristics, allowing high quality reproducible RNA 
isolations. The highly pelleted form o f S. coelicolor could produce unbalanced gene 
profiles, dependent on the position o f the pellet in the culture or essentially across the 
individual pellet. Batch cultures should minimise these effects by rapid stirring, 
sufficient air flow and a consistent pH.
1.7. Project Aims
The principal aim o f this project is to determine how phosphate affects antibiotic 
production. Transcriptomic analysis will be performed to get an overall picture o f gene 
expression in different genetic backgrounds and under different physiological 
conditions. Two species o f the Streptomyces genus will be used, Streptomyces lividans, 
and Streptomyces coelicolor. It has been found that S. lividans has both the actinorhodin 
and undecylprodigiosin transcriptional activators actII-ORF4 and redD  respectively, but 
does not generally synthesise either o f the antibiotics at a high level. As previously
Chapter 1: Introduction 41
mentioned antibiotics are often produced in response to nutritional limitation, and this 
project is mainly concerned with phosphate deficiencies. The main aims o f the project 
are as follows:
• The overall aim o f this project is to conduct a global transcriptional analysis of 
S. coelicolor and S. lividans to further elucidate the role o f the PhoP/PhoR 
system on antibiotic production. Identifying phosphate regulated genes and 
possible PhoP targets.
• Study the involvement o f the polyphosphate kinase enzyme, o f both S. 
coelicolor and S. lividans in both phosphate replete and limited cultures. 
Exploring a possible link with antibiotic synthesis and the other known 
phosphate regulatory system, PhoRP.
• Investigate growth rates and physiology o f the parental strains S. lividans 
(TK24) and S. coelicolor (MT1110) and their relevant phoP  and ppk  insertion 
mutants under phosphate limited (and replete) conditions. Concentrating 
specifically on the effect o f a phosphate limitation on growth rates, metabolite 
consumption and antibiotic synthesis.
• By comparing microarray results from the phoP  mutants and their relevant 
parental strains, work out gene targets o f the PhoR/PhoP regulatory system 
under phosphate stress. Investigate the link between phosphate concentration, 
antibiotic production and the deduced gene targets.
• An overall comparison between the two species, on the antibiotic production and 
transcriptional data; are any genes common between both S. lividans and S. 
coelicolor, indicating potential PhoP targets? Are there differences in the 
microarray data which could help explain the contrasting levels o f antibiotic 
produced between the parental strains and mutants?
Chapter 2
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Chapter 2: Materials and Methods
2.1. Bacterial Strains
The bacterial strains used in this study were derivatives o f Streptomyces lividans TK24 
and Streptomyces coelicolor A3 (2) M T1110. They are listed below in Table 2.1
Table 2.1. Bacterial strains used in this study
Strain Strain of origin RelevantGenotype/Features Reference
S. coelicolor 
M T1110 wild-type
S. coelicolor A3 (2) 
strain 1147
Prototrophic SCP1", 
SCP2' Kieser et al., 2000
S. coelicolor 
M T1110 phoR:: Q apr
S. coelicolor 
M T1110 wild-type phoR  insertion mutant
S. coelicolor 
M T1110 phoP:: Q apr
S. coelicolor 
M T1110 wild-type phoP  insertion mutant
S. coelicolor 
MT1110 AphoRP
S. coelicolor 
M T1110 wild-type phoRP  deletion mutant
S. coelicolor 
MT1110 ppkr.Qhygro
S. coelicolor 
M T1110 wild-type ppk  insertion mutant
S. lividans TK24 str-6, SLP2', SLP3" Kieser et al., 2000
S. lividans TK24 phoP:: 
Q apr S. lividans TK24 phoP  insertion mutant
M.J. Virolle, (pers. 
comm.)
S. lividans 
TK24 ppkv.Q hygro S. lividans TK24 ppk  insertion mutant
M.J. Virolle, (pers. 
comm.)
E. coli ET12567 E. coli
F' dam-13::Tn9 dcm-6 
hsdM hsdR recF143 zjj- 
202::Tnl0 rpsL136
MacNeil et al., 1992
Table 2.2. Plasmids used in this study
Plasmid
(size) Details
Antibiotic
resistance
Reference/
Source
pKCl 132 
(3.5 kb)
A suicide vector for Streptomyces containing oriT 
RK2 for conjugation from E. coli to Streptomyces. ampicillin
Bierman et al., 
1992
pMA::hyg
(5.5kb)
Hygromycin resistance gene was cloned as a Pstl- 
BamHl fragment (blunt ended) into the Smal site o f 
pMA
hygromycin Stanssens et al., 
1989
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2.2. Media for solid cultures
Mannitol-Soya agar (MS) (Hobbs et al., 1989)
Soya Flour 20 g
Mannitol 20 g
Agar 16 g
Tap water to 1000 ml
R5 Medium (Keiser et al., 2000)
Sucrose 103 g
IC2S 0 4 0.25 g
MgCl2.6H20  10.12 g
Glucose 10 g
Difco Casaminoacids 0.1 g
'Trace element solution 2 ml
Difco yeast extract 5 g
TES buffer 5.73 g
Distilled water to 1000 ml
400 ml solutions were poured into duran bottles containing 8.8  g Difco Bacto agar, and 
the media autoclaved.
After autoclaving the following were added: KH2P0 4  (0.5%) 1 ml
5 M CaCl2.2H20  0.4 ml
L-proline (20%) 1.5 ml
1 M NaOH 0.7 ml
'Trace element solution (I'1): ZnCl2 40 mg
FeCl3.6H20  200 mg
CuC12.2H20  10 mg
MnCl2.4H20  10 mg
Na2B4O7.10H2O 10 mg
(NH4)6Mo70 24.4H20  10 mg
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R2YE Medium (Thompson, Ward, and Hopwood, 1980)
Sucrose 103 g
K2S 0 4 0.25 g
MgCl2.6H20  10.12 g
Glucose 10 g
Difco Casaminoacids 0.1 g
Distilled water to 800 ml
320 ml solution were poured into 500 ml Duran bottle containing 8.8  g Difco Bacto 
agar, and the media autoclaved.
After autoclaving the following were added:
KH2PO4 (0.5%) 1 ml
CaCl2.2H20  (3.68%) 8 ml
L-proline (20%) 1.5 ml
TES buffer (5.73%, pH7.2) 10 ml
’Trace element solution 0.2 ml
NaOH (1 M) 0.5 ml
Difco yeast extract (10%) 5 ml
'Trace element solution (I*1): ZnCl2 40 mg
FeCl3.6H20  200 mg
CuC12.2H20  10 mg
MnCl2.4H20  10 mg
Na2B4O7.10H2O 10 mg
(NH4)6Mo70 24.4H20  10 mg
For liquid grown cultures (either in flasks or fermenter) no agar was added but all other 
components remained the same.
Luria Bertani (LB) Agar (Keiser et a l. , 2000).
Agar 10 g
Difco Bacto tryptone 10 g
NaCl 5 g
Glucose 1 g
Distilled water up to 1000 ml
Add 2 g Agar to each 200 ml solution, autoclave 
Soft nutrient agar (Keiser et al. , 2000).
Difco Nutrient Broth 
Agar
Distilled water
8 g 
5 g
up to 1000  ml
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2.3. Media for liquid cultures
Yeast extract-malt extract medium fYEME) (Keiser et al., 2000).
Difco yeast extract 3 g
Difco Bacto-peptone 5 g
Oxoid malt extract 3 g
Glucose 10 g
Sucrose 340 g
Distilled Water up to 1000 ml
After autoclaving 2 ml/litre 2.5 M MgCl2.6H2 0  (final concentration o f 5 mM) were 
added
GG1
Glucose 15 g
Glycerol 15 g
Soya Peptone 15 g
NaCl2 3 g
C aC 03 1 g
Distilled water up to 1000 ml followed by adjusting pH to 6.8
GYB
Glucose 33 g
Yeast Extract 15 g
Distilled water up to 1000 ml followed by adjusting pH to 6.8
The media was filter sterilise (0.2 pm)
Luria Bertani ('LB') Broth (Keiser et al., 2000).
Difco Bacto tryptone 10 g
Difco yeast extract 5 g
NaCl 5 g
Glucose 1 g
Distilled water up to 1000 ml
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Evans Media-Ammonium Chloride (Evans, Herbert, and Tempest, 1970)
Volume of limiting solution
Solution Concentration ac ded (ml/liltre)
P N C
Phosphorus 2 M NaH2PO4.2H20 1.0 5.0 5.0
Nitrogen 4 M NH4C1 25.0 7.5 25.0
Potassium 2M K C 1 5.0 5.0 5.0
Sulphur 1 M N a2S 0 4.10H20 2 .0 2 .0 2 .0
Chelating Agent 1 M Citric Acid 2.0 2 .0 2 .0
Magnesium 0.25 M MgCl2 5.0 5.0 5.0
Calcium 0.02 M CaCl2 1.0 1.0 1.0
Trace Metals * 5.0 5.0 5.0
Molybdenum 0.001 M Na2M o 0 4 0.1 0.1 0.1
Carbon source Glucose (g) 30 30 10
Trace metal solution*
Cone. HCI 50 ml
ZnO 2.04 g
FeCl3.6H20 27.0 g
MnCl2.4H20 10.0 g
CuC12.2H 20 0.85 g
CoC12.6H 20 2.38 g
H3BO4 0.31 g
h 2o Up to 5 L
If using for pre-inoculum and/or flask cultures, the media was filter sterilised (0.2 pm).
For media in the fermenter, all the components were added except for the glucose and 
trace elements and the medium was autoclaved. The glucose and trace elements (filter 
sterilised separately) were then added aseptically to the sterile glass vessel containing 
the sterilised medium via an empty port.
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Evans Media-Modified
Concentration of limiting reagent 
added (mM)
Chemical P C N
NaH2P 0 4 4 10 10
KC1 10 10 10
M gCl2 1.25 1.25 1.25
(NH4)2S 0 4
OR
50 50 10
N aN 0 3 100 100 20
Na2S 0 4 2 2 2
Citric Acid 2 2 2
CaCl2 0.25 0.25 0.25
Glucose 140 50 140
Trace Elements** 5 ml/1 5 ml/1 5 ml/1
ddH20 Up to 1000 ml
Trace metal solution**
ZnO 50 mM
FeCl3 20 mM
MnCl2 10 mM
Cu 10 mM
Co 20 mM
H3BO3 10 mM
Na2M o04 0.02 mM
HC1 80 ml
If using for pre-inoculum and/or flask cultures, the media was filter sterilised (0.2 pm).
For media in the fermenter, all the components were added except for the glucose and 
trace elements and the medium was autoclaved. The glucose and trace elements (filter 
sterilised separately) were then added aseptically to the sterile glass vessel containing 
the sterilised medium via an empty port.
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2.4. Solutions
DNA Extraction:
TE buffer:
Kirby Mix:
10 mM Tris-HCl pH8.0, 1 mM EDTA pH8.0
Sarlcosyl
Buffered phenol (pH 8.0) 
Sodium 4-amino-salicylate 
Distilled water
2 g 
12 ml 
12 g
Up to 100 ml
0.5 M EDTA pH8.0:
Protoplast (P) buffer:
EDTA
Distilled water
Adjust to pH8 , using 5 M NaOH
Sucrose 103 g
K2S 0 4 0.2 ml
MgC12.6H20 25 g
1 Trace element solution 2.02 g
Distilled water Up to 800 ml
After autoclaving the following were added:
1 ml 0.5% ICH2PO4 
10 ml 3.68% CaCl2.2H20  
10 ml 5.73% TES buffer
Electrophoresis
TAE buffer (lx ) 
TBE buffer (lx )
40 mM Tris-acetate, 1 mM EDTA pH 8 
89 mM Tris-borate, 2 mM EDTA pH 8
Southern blot analysis:
Maleic acid solution 
Washing Buffer 
Detection Buffer 
Denaturation buffer 
Neutralisation buffer
0.1M Maleic Acid, 0.15M NaCl (adjust to pH 7.5 using NaOH) 
0.1M Maleic Acid, 0.15M NaCl, 0.3% Tween, pH7.5 
0.1M Tris-HCl, 0.1M NaCl, pH9.5 
1.5M NaCl, 0.5M NaOH 
1M Tris (pH7.4), 1.5M NaCl
Microarrays:
SSC buffer (20x): 3 M NaCl, 0.3 M sodium citrate
SSPE buffer (20x): 3 M NaCl, 0.2 M NaH2PO4.H20, 20 mM EDTA pH7.4
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2.5. Antibiotic concentrations
All stock antibiotics were made up in water and filter sterilised, except hygromycin and 
was purchased as a liquid stock solution o f 50mg/ml.
Antibiotic Stock concentration (mg/ml)
Final Concentration 
(pg/ml)
Ampicilin 100 100
Apramycin 50 100
Chloramphenicol 34 34
Hygromycin 50 200 in solid cultures and 50 in liquid cultures
Kanamycin 50 50
2.6. Growth and Storage of Bacterial Strains
2.6.1. Spore Preparations
Streptomyces spore suspensions were prepared as described by Kieser (2000) et al. The 
spores from a single Streptomyces colony were plated on MS solid medium; once 
confluent growth was achieved (5-7 days at 30°C) the mature spores were gently 
scraped from the surface and re-suspended in sterile ddfhO. The suspension was 
agitated on a vortex mixer for 1 min, followed by filtration through sterile cotton wool 
and centrifugation at 2000 x g for 10 minutes. The supernatant was removed, and the 
pellet re-suspended in 20% glycerol for storage at '20°C.
2.6.2. Growth curves on solid media
Before inoculation, cellophane discs were placed over the surface o f R2YE agar plates 
(with and without 0.37 mM KH2PO4, to obtain conditions o f phosphate repletion and 
starvation respectively). The cellophane discs were pre-treated by boiling twice in 
ddEEO, followed by autoclaving in fresh dd ffO . Plates were inoculated with 100 pi o f 
evenly spread spore solution. The dry weights for the growth curves were carried out in 
duplicate using the phosphate rich medium; briefly, mycelium from each plate was 
scraped onto pre-weighed microscope slides, dried completely in a microwave oven for 
10 minutes and the final weights were calculated. The mycelium from two plates (four 
for initial early time points) were harvested for RNA extractions, and immediately 
mixed with 5 ml RNA Protect Bacteria Reagent (Qiagen) in order to stop transcription
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and inhibit ribonuclease activity; and the RNA was extracted according to the protocol 
outlines in Total RNA isolation with RNeasy Protect Bacteria Kit (See section 2.10). 
(http://www.surrey.ac.uk/SBMS/Fgenomics /Microarrays/html_code/Protocols.html).
2.6.3. Growth curves on liquid media.
For fermenter inoculation, plugs o f mycelium were removed from lawns o f confluent 
growth and placed in either GG1 (for immediate use) or 1 ml 20% glycerol (for storage 
as master cell banks, MCB). One plug or MCB was added per 50 ml GG1 (250 ml flask 
containing magnetic triangular stirrer) and incubated for 48 h at 30°C stirring on a 
magnetic stirrer. After 48 h the culture was either used for inoculation or stored in 1 ml 
40% glycerol as working cell banks (WCB). Either 4 ml o f  GG1 culture or one WCB 
was added to 50 ml GYB (250 ml flask containing magnetic triangular stirrer) and 
incubated for 24 h at 30°C stirring on a magnetic stirrer. Finally 5% of GYB culture was 
added to 75 ml (5% o f 1.5 L fermenter) in a 500 ml flask containing Evans minimal 
media limited for phosphate and incubated for 24 h at 30°C (stirring on a magnetic 
stirrer), this culture is subsequently used as the inoculum for the fermenter. The 
fermenter was kept at 30°C, pH 6 .8 , air inflow o f 1 L/min and an impeller speed o f 
1000 rpm. Dry weights were calculated using 3 x 5 ml samples, which were filtered 
through pre-weighed filters and subsequently dried. Culture samples o f 5-7.5 ml were 
immediately added to universals containing 10-15 ml o f RNA Protect Reagent (Qiagen) 
in order to stop transcription and inhibit RNases. In parallel 1 ml aliquots were obtained 
for metabolite and antibiotic assays which were performed in triplicate.
For flask based growth curves, 200 ml o f media in 500 ml flasks (containing triangular 
stirrers) were inoculated with 50 pi o f spore suspension, and 3 x 2 ml samples at 
specific time points were removed for dry weight determination (as described 
previously). In parallel 1 ml aliquots were obtained for antibiotic assays which were 
performed in triplicate.
An Adaptive ‘Voyager’ fermenter with a 1.5 L vessel was used for all cultures, exhaust 
gases were measured using a tandem unit (Adaptive). Air flow first travelled through an 
overflow ‘trap’ bottle to catch any excess liquid (Figure 2.1.) and a Hepa-Vent filter 
unit (Whatman) before being measured. Air Flow (Adaptive) is monitored via a mass
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flow, with air flowing through a 0.2 pm filter (Millipore) before entering the sterile 
vessel.
A ir  Flow
Figure 2.1. Schematic diagram o f the fermenter configuration used.
2.7. Antibiotic and metabolite assays
2.7.1. Actinorhodin assay
For the “total” actinorhodin concentration 500 pi o f 3 M KOH was added to 1 ml of 
culture, the mycelium was pelleted by centrifugation at 3000 x g for 15 min. 
Supernatants were removed and in highly concentrated samples another 1 ml 3 M KOH 
was added with the centrifugation step repeated. The resulting supernatants were 
combined, and the absorbance measured at 640 nm, further dilutions were performed to 
obtain a spectrophotometer reading o f between 0.1 and 0.9. The concentration of 
actinorhodin was obtained using the molar absorption coefficient o f 25, 320 M ' 1 cm ' 1 
(Bystrykh et al., 1996) and a molecular weight o f 628, incorporating dilution factors.
2.7.2. Undecylprodigiosin assay
Intracellular concentrations o f undecylprodigiosin were taken from the mycelial pellet 
present in 1 ml o f culture. Methanol was acidified to pH 1.5 using HC1, with 1 ml added
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to resuspend the pellet, the mycelium were re-pelleted by centrifugation at 3000 x g for 
15 min. In highly concentrated samples, this step was repeated with another 1 ml o f 
acidified methanol, the sample absorbance was measured at 530 nm. Further dilutions 
were performed to obtain a spectrophotometer reading o f between 0.1 and 0.9. The 
concentration o f undecylprodigiosin was obtained using the molar absorption 
coefficient o f 100,500 M ^cm"1 (Tsao et al., 1985) and a molecular weight o f 393, 
incorporating dilution factors.
2.7.3. Phosphate assay
A reagent mix o f 0.3 mM  ammonium molybdate, 50 mM H 2SO4, 0.6 mM ascorbic acid 
and 3 pM potassium antimonyl tartrate was prepared along with standards 
corresponding to 2.5-20 nmoles per 800 pi. For each assay, 200 pi o f reagent mix was 
added to 800 pi o f the test sample, the samples were left for 10-30 min at room 
temperature before taking the absorbance reading at 880 nm. A standard curve was 
generated with the standards to determine the phosphate concentration o f the test 
sample incorporating any dilution factors.
2.7.4. Glucose assay
For the glucose assays a commercially available kit (supplied by Boehringer- 
Mannheim) was used and the procedure followed was accordingly to the manufacturer 
specifications except that the samples were performed on 1 ml total volume instead o f 
3 ml as stated in the protocol. Absorbance was measured at 365 nm, with blanks 
measure between each test sample.
2.7.5. Ammonium assay
For the ammonium assays a commercially available kit (supplied by Boehringer- 
Mannheim) was used and the procedure followed was accordingly to the manufacturer 
specifications except that the samples were performed on 1 ml total volume instead of 
3 ml as stated in the protocol. Absorbance was measured at 365 nm, with blanks 
measure between each test sample.
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2.8. Chromosomal DNA isolation
The procedure followed was essentially as described in Kieser et al. (2000). 
Streptomyces cultures were grown until late-exponential stage (36-40h) in 25 ml YEME 
at 30°C. Cultures were centrifuged (2000 xg, 10 min) and the supernatant discarded, 
remaining pellets were washed in 10.3% sucrose (15 ml), The cell pellet was 
resuspended in 2 ml lysosyme solution (15 mg/ ml in TE), and incubated for 10 min at 
37°C. 2.3 ml o f Kirby mix was added and the solution was agitated with a vortex mixer 
until homogenous. Standard phenolxhloroform extractions were completed until no 
protein interface was visible, DNA was precipitated out with 3 M sodium acetate and 
isopropanol. DNA pellets were dissolved in 3 ml o f TE containing 40 pg/ml RNase for 
30 min at 37°C. Phenolxhloroform extractions and precipitations were repeated, and the 
DNA dissolved into 500 pi TE..
2.8.1. DNA quantification and analysis
Initial analysis was conducted using the NanoDrop spectrophotometer ND-1000, 
(LabTech) following the manufacturers protocol. Both the concentration and purity of 
samples were determined. Samples were also run on 0.8% agarose gel overnight at 20 V 
to check integrity o f the DNA.
2.9. Genetic manipulation
2.9.1. Preparation of competent E. coli ET12567 cells
A single colony o f  ET 12567 was inoculated in 100 ml LB broth containing 34 pg/ml 
chloroamphenicol, and incubated at 37°C until the OD600 reached between 0.2 and 0.4. 
The cells were pelleted by centrifugation (2500 x g, 10 min) at 4°C and gently 
resuspended twice in 30 ml ice-cold 80 mM CaCl2/20 mM M gCl2. After which cells 
were pelleted by centrifugation and the pellets resuspended in 2 ml ice-cold 0.1 M 
CaCl2. An initial 70 pi DMSO was added and after an incubation on ice for 15 min 
another 70 pi DMSO. Aliquots o f 200 pi were stored at "20°C.
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2.9.2. Preparation of MT1110 protoplasts
The procedure followed was as detailed in ICieser el al (2000). 100 pi o f a MT1110 
dense spore suspension were inoculated in 25 ml YEME, and incubated for 36-40 h in a 
shaking incubator at 30°C. Samples were centrifuged at 2000 x g for 10 min and the 
supernatant was discarded. Pellets were washed in 15 ml o f  10.3% sucrose until 
relatively clear. Pellets were resuspended in 4 ml lysosyme solution (lm g ml' 1 in P- 
buffer) and incubated for 15-60 min at 30°C; after which the mixture was gently 
agitated and incubated for a further 15 min. After a final addition o f  5 ml P-buffer, the 
solution was filtered through cotton wool and pelleted by centrifugation (2000 x g, 7 
min). The protoplasts were resuspended in 2.5-5 ml P-buffer, and 500 pi aliquots slowly 
frozen at -80°C.
2.9.3. Construction of Streptomyces coelicolor phoR, phoRP, and ppk  null mutants.
Derivatives o f the E. coli plasmid pIJ2925, containing either apramycin or hygromycin 
insertion cassette (Blondelet-Rouault et al., 1997) integrated into the phoR, phoP, 
phoRP  (M.J.Virolle, pers. comm) or p pk  (Chouayekh and Virolle, 2002) genes were 
obtained from M.J. Virolle.
The 5.5 kb phoPy.Qaac, 5 kb phoRr.Qaac and 4.3 kb AphoPRr.Qaac inserts were 
digested using Eco RI, blunt ended with Klenow fragment, and further digested with 
Xba  I. The resulting inserts were ligated into a Bam  HI digested vector, pMA::hyg. The
4.5 kb ppk::Ohyg  insert was digested using Bgl II, and ligated into the Bam HI digested 
vector pKC 1132.
All plasmids were passaged through ET12567 to remove dam, dcm  and hsd  methylation 
and transformed into S. coelicolor M T1110. Protoplasts were regenerated on R5 media, 
and after overnight incubation at 30C the plates were overlaid with soft nutrient agar 
containing either 200 pg hygromycin (pMA::hyg vector) or 200 pg apramycin 
(pICCl 132 vector). Resistant single colonies were cultured to produce a full lawn on R5 
plates containing either hygromycin or apramycin; spore preparations were generated 
and plated to full lawn on MS plates. Spore preparations prepared from these plates 
were subjected to three rounds o f growth on MS plates (without antibiotic selection), to 
allow for the loss o f the integrated plasmids.
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Colonies were screened for the occurrence o f a double cross by plating ca 200 
colonies/MS agar plate for a total o f ca 1000 colonies; when fully sporulated the 
colonies were replica plated onto non selective R5 alongside selective media 
(hygromycin, or apramycin selective R5 plates). Putative deletants exhibiting the 
desired phenotypes were streaked to single colony and plated onto selective media. 
Southern blot analysis was performed as a final assessment verifying the chromosomal 
gene deletions.
1. PCR Amplification cfppk gene 
« ►
2. Addition o f a hyg cassette
(l
1. PCR A m plification o f  PhoR gene 1 PCR Am plification o f  PhoP gene 
4----------► 4---------- ►
2. Addition o f  an aac cassette 2. Addition o f  an aac cassette
1 I
p K C1132
4-  4
/y  if and hyg cassette
3. Digest and transfer to  appropriate antibiotic containing vectors.
phoR  and aac cassette
□  pMA::tyg
□  pMA::hyg
II 1
4— ------>
phoRP  and aac cassette
1 1
□ pMA::hyg
ET12567
ppk  and hyg cassette
4. Transfer to E. coli ET12567 to remove methylation.
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phoP  and aac cassette
□ ET12567
□ ET12567
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2.9.5. Confirmation o f the S. coelicolor null mutants using Southern blots
DNA extractions were performed on two colonies o f each o f the aprRhygs />/zor.Qaac 
and aprshygR ppkr.Qthyg mutants; the pho::f2aac mutants were digested with Pst I, and 
ppk::Qhyg  with Xho  I. A control, the wild type MT1110 was digested separately with 
each enzyme. All samples were run overnight on a 0.8% TAE agarose gel at 20 V, 
followed by an overnight transfer onto a positively charged nylon membrane 
(Sambrook et al., 1989)
The membranes were hybridised overnight at 63°C with an appropriate labelled probe; 
which was the original pIJ2925 constructs digested with the specific enzymes 
{AphoRP :Qaac for the pho mutants and ppkr.Qhyg  for the ppk mutant), labelled with 
digoxygenin following the DIG labelling manufacturers protocol (Roche).
Washes were followed according to the protocol (Roche); stringent washes o f 
2 x SSC/0.1% SDS at room temperature for 5 minutes, twice; followed by 
0.1 x SSC/0.1% SDS at 6 8 °C for 15 min were performed twice. Gels were exposed to 
X-ray film with different time exposures.
The AphoPRr.Qaac mutation was generated and confirmed by Southern blot analysis, 
however no experiments were performed using this mutant.
2.10. RNA extraction
Prior to RNA extraction the mycelium was treated with RNA Protect Bacterial Reagent 
(Qiagen). Differing volumes o f RNA Protect Bacterial Reagent were added, depending 
on growth in liquid or on solid media. In liquid cultures 2 volumes o f RNA protect per 
volume o f culture were added, whereas for solid media cultures between 5-7.5 ml RNA 
protect per 2-4 plates were added. Samples were agitated on a vortex mixer for 5 s, left 
at room temperature for 5 min and pelleted by centrifugation (5000 x g ,  10 min). The 
supernatant was removed and the pellets stored at ‘80°C.
For the RNA extraction a modified version o f the RNeasy midi kit procedure (Qiagen) 
was followed. Pellets were resuspended in 1-2 ml lysosyme buffer (10 mg/ml in TE) 
and incubated for 10 min at room temperature. 4 ml o f RLT buffer was added, and
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samples were agitated on a vortex mixer. The lysate was sonicated on ice for 5 cycles 
(30s ON / 30s OFF), and standard phenol/chloroform extractions were performed; the 
aqueous layer was removed and further extractions carried out until the interface 
became clear (usually three extractions); a final chloroform extraction was performed. 
The upper aqueous layer was removed and 2.8 ml 96% ethanol was added and mixed, 
the extraction continued following the manufacturers protocol (Qiagen).
The on-column DNase step was performed and the samples eluted into 250 pi RNase 
free water and stored at -80°C, an aliquot o f 5 pi was removed for subsequent analysis 
(Bioanalyzer and NanoDrop) to prevent the successive freeze thawing o f  samples.
2.10.1. RNA quantification and analysis
Initial analysis was conducted using the NanoDrop spectrophotometer ND-1000, 
(LabTech) following the manufacturers protocol to determine the concentration and 
purity o f each sample. In a pure RNA preparation, the ratios between the absorbance at 
260 nm and 280 mn and that at 260 mn and 230 mn should be around 2. If  the 260/230 
ratio is less it will imply the RNA is contaminated with carbohydrates, peptides, 
aromatic compounds or phenols, whereas the 260/280 ratio indicates whether there is 
any protein contamination, and this begins to decrease upon contamination.
Further analysis was carried out on the Agilent Bioanalyzer (Agilent Technologies), 
1 pi o f each sample was added to an RNA chip, and prepared according to the 
manufacturers protocol. The bioanalyser is an instrument with an analytical program 
which simulates the running o f  RNA samples on a gel, therefore producing a gel image 
and electropherograms indicating the specific ribosomal peak patterns o f the total RNA. 
The program allows for a more accurate assessment o f the quality o f the RNA samples, 
indicating any degradation. In pure, undegraded RNA samples, the gel will have two 
distinct peaks o f unequal height corresponding to 23 S and 16S rRNA, without any 
smearing (Figure 2.3).
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Figure 2.3. Example of a Bioanalyser window. The ladder is present in lane L, with bands at 0.2, 0.5, 
1.0, 2.0, 4.0 and 6.0 kb. The graphs correspond to the gel lanes running from 1-3, 4-6, 7-9 and 10-12, 
peaks include the marker, along with the 16S and 23 S ribosomal RNA peaks.
2.11. Microarravs
All microarray protocols were followed as described on the surrey university website; 
(http://www.surrey.ac.uk/SBMS/Fgenomics/Microarrays/index.html) which includes 
additional information on array designs, grid patterns, computer associated Gal and 
GeneSpring files. Oligo arrays were used for all experiments (both S. lividans and 
S. coelicolor), the oligonucleotides were generated from MWG and are spotted into 
Coming Ultra Gap II slides. Arrays consist o f 7563 unique 50mer oligonucleotide 
probes printed in duplicate, representing all S. coelicolor ORF’s in addition to 195 
probes from the SCP1 plasmid.
2.11.1. Production of cDNA and labelling with Cy3-dCTP
Fluorescently labelled cDNA was produced for each RNA sample using reverse 
transcription; 10-15 pg o f RNA were used for each cDNA synthesis/ labelling in 30ul 
total volume with 5.1 pg o f random primers (Invitrogen). The RNA-primer mix was 
denatured at 70°C for 10 minutes. After snap cooling on ice, 6  pi First Strand Buffer,
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3 pi o f 100 mM DTT, 0.6pl o f a dNTP solution (25 mM dATP, dGTP, and dTTP, 
10 mM dCTP), 400U o f Superscript II (Invitrogen) and 1.5 pi Cy3-dCTP were added. 
The reactions were incubated in the dark at 25°C for 10 minutes to allow the primers to 
anneal, then 42°C for 110 minutes to 4hrs.
2.11.2. Labelling of genomic DNA with Cy5-dCTP.
Fluorescently labelled genomic DNA was generated using 2-3 pg gDNA (S. coelicolor 
M146); added to 3 pg random primers in a total volume o f 41.5 pi, and denatured at 
95°C for 5 minutes. Once completed 5 mM dATP, dGTP, dTTP, 2mM dCTP, 1.5 pi 
Cy5-dCTP and 5 U Klenow fragment were added and the mixture was incubated at 
37°C from either 90 min to overnight in the dark.
2.11.3. Purification of labelled probes.
In order to hydrolyse the RNA, the Cy3-dCTP labelled cDNA-RNA hybrids were 
treated with 1 M NaOH, incubated at 70°C for 10 minutes followed by neutralisation 
with 1 M HC1.
Cy3-dCTP and Cy5-dCTP labelled probes were purified using the Qiagen MinElute 
columns; the protocols were followed as specified in the manufacturers instructions 
except for the ethanol wash steps. 500 pi o f buffer PB was added to the labelled 
reaction, the sample was mixed and loaded onto MinElute columns (Qiagen) with a 
centrifugation step for 1 minute. 250 pi o f buffer PE was added to the column before a 
final centrifuge step o f 2 minutes. Samples were eluted in 2 x 15 pi ddH20 or elution 
buffer.
Once purified, dye incorporation and quantification steps were performed using the 
NanoDrop spectrophotometer, which calculates the incorporation o f CyDye molecules 
in pmol/pl. Samples were aliquoted containing 40 pmol Cy3-dCTP labelled cDNA, to 
25 pmol Cy5-dCTP labelled gDNA, and dried down in a speed vac ready for 
hybridisation.
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2.11.4. Microarray hybridisation and slide treatment
Microarray slides were pre-soaked and pre-hybridised following the manufacturers 
protocols (Corning Pronto! Kit). The dried labelled cDNA/gDNA samples were re­
hydrated in 45 pi hybridisation buffer for cDNA/long oligos, and denatured at 95°C for 
5 minutes before being layered onto the slide surface. Slides were covered with a 
coverslip (hybrislip, SIGMA) and placed in hybridisation chambers with 3 x SSC. The 
hybridisation was carried out for 14-16 h at 42°C.
2.11.5. Washing and scanning of microarrays
Washes were conducted according to the Corning Pronto! Kit, and the microarrays were 
scanned with an Affymetrix 428 dual laser scanner; at 532 nm for the cy3 channel and 
635 nm for the cy5 channel. The Affymetrix 428 scanner represents each spot in 
different colours depending on the intensity o f the signal; blue for weaker hybridisation 
signals; green, yellow and red for increasing hybridisation signals and white for any 
over saturated spot. The gain or PMT which represents the intensity o f the laser was 
adjusted to avoid obtaining numerous over saturated spots, whilst the background 
appeared as dark as possible without losing the intensity o f  the weaker spots.. The 
Affymetrix scanner generates data in a TIFF image file (632 and 535 nm), which can be 
used in subsequent image analysis software programs such as BlueFuse or Genepix.
2.11.6. Initial analysis of slides using BlueFuse spot quantification programme.
The TIFF image files for all microarray hybridizations were loaded into the BlueFuse 
image analysis software programme (BlueGnome Ltd), each o f the Cy3 and Cy5 TIFF 
images had to be overlapped, alongside the relevant Gal files (a file containing the 
locations and the identity o f all the spots on the microarray). The BlueFuse programme 
aligns the grid, quantifies the spots and produces an excel file with all the information 
about each individual spot (Figure 2.4). Any spot with fluorescent background such as 
dust or SDS/salt precipitation can be manually excluded. Spots are flagged according 
the quality o f the signal and taking into account parameters such as circularity and 
uniformity. Good spots with a high confidence value are classified as flag A 
(confidence values between 1 and 0.3), and anything with a low confidence value 
(<0.03) is classified as Flag E. As part o f the overall confidence values, uniformity and 
circularity values are generated. Circularity and uniformity values help deduce whether
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the spot might have artefacts present, the lower the value the less circular or uniform the 
spot, for further analysis both values should be above 0.5. The output files are loaded as 
an experiment into GeneSpring data analysis software.
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Figure 2.4. Example o f a BlueFuse window, after grid alignment of the spots (left pane) and the 
subsequent image data generated (right pane). At the bottom o f the window is a highlighted spot, shown 
before and after analysis.
2.11.7. GeneSpring normalisation and statistical analysis.
Experiments were uploaded in GeneSpring using the generated excel files from 
BlueFuse, and subjected to custom import (columns in the excel file for signal = cy3, 
control = cy5, flags (A = present, D = marginal, and E = bad or absent) and gene ID). 
Data were normalised per spot and per chip: per chip involves dividing all o f the 
measurements on each array by a specified percentile value (the default o f 50% was 
used); per spot normalisation divides the measured intensity o f each gene by the value 
o f its control channel (the default cutoff o f 10 was used). The per spot normalisation 
applies the following formula;
• If  the signal and control are both equal (or greater) to 10, the signal is divided by 
the control.
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• I f  the signal is equal (or greater) to 10, and the control is less than 10, the signal 
is divided by the cutoff.
•  If the signal is less than the cutoff and the control is equal (or greater) to the 
cutoff the signal is divided by the control.
• If  both the control and signal are less than 10, no calculations are performed.
After normalisation data was filtered by BlueFuse-generated flags, selecting present, 
marginal or ‘unknown’ in at least 18 out the 24 arrays (‘samples’) loaded (designated 
‘PMU 18 out o f 24 gene list’), effectively removing all ‘bad’ or empty (Flag E) spots to 
generate a working gene list. An ANOVA (analysis o f variance) one way t-test was 
performed on the working gene list using the parameter ‘Strain’ and either a Benjamini 
and Hochberg false discovery rate (for phoP  analysis) or Bonferroni correction (for ppk  
analysis). The two strains were treated differently as the Bonferroni correction was too 
strict for the phoP  analysis and generated very few genes. Gene trees were generated 
from statistically significant genes from the rank product analysis (pfp < 0 .1) imported 
into the GeneSpring program, looking for major changes between the parental strain and 
each individual mutant (phoP or ppk). In addition QT clustering was performed on 
significant gene lists generated from rank product analysis, data exported into 
GeneSpring. QT clustering looks for clusters o f genes, whereby every gene contained in 
the cluster is within a specified distance. The distance and cutoff are specified based on 
a correlation, and the bigger the correlation the smaller the distance (minimum cluster 
sizes and correlations are specified in the legend o f each figure).
Rank product analysis in R (Breitling et al., 2004; Hong et al., 2006) was also 
performed on the data. All replicates for all genes in the ‘PMU 18 out o f 24 gene list’ 
were exported from GeneSpring for Rank Product (RP) analysis. Pair wise ratios 
between all replicates o f the parental strains (TK24 or MT1110) and respective 
individual mutants (either ppk  or phoP ) at each particular time point were calculated 
within the R package. The average fold-change was used to calculate the rank, P-value 
and probability o f false prediction (pfp) o f each gene to be differentially expressed (for 
both up and down regulation). The pfp value indicates the chance o f seeing such a 
differential expression (calculated via permutations). The lower the pfp value the more 
chance there is that the observed differences represent true differential expression. The 
actual ranking is considered most important. For all data presented a negative average
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fold change indicates that the specific gene in the mutant gene is down-regulated with 
respect to the corresponding gene in the wild type; only data with a P-value < 0.05, or a 
pfp < o .01 is considered in the present study.
2.12. Northern blot analysis of a selection of differentially expressed genes.
Primers were designed using ‘primer3’ (http://fokker.wi.mit.edu/primer3/input.htm'). 
with a length o f between 17-22 base pairs. The forward primer had no attachment at the 
5 ’ end but the reverse primer has a T7 promoter sequence (5-CTAATACGACTCAC 
TATAGGGAG-3’) at the beginning (increasing to between 41-45 base pair sequence).
2.12.1. Generation of the DIG labelled probe
A 50 pi PCR was performed with the above primers using 200 ng chromosomal DNA 
from S. coelicolor, using 1 x Taq polymerase buffer, 1 x M gC f, 5 mM each dTTP, 
dATP, dCTP and dGTP, 15 pmoles o f each primer and 1U Taq polymerase.
initial denaturation: 94°C for 5 min
denaturation:
annealing:
elongation:
94°C for 45 s 
50°C for 1 min 
72°C for 90 s
35 cycles
terminal elongation : 72°C for 5 min
After the PCR the entire reaction was run on a 0.8% agarose gel, with the correct band 
excised and cleaned using the QIAEX II Gel Extraction Kit. This PCR product was 
labelled with digoxygenin following the DIG labelling manufacturers protocol (DIG 
northern started kit, Roche).
2.12.2. Northern blot analysis
Procedures were followed as detailed in the manufacturers’ protocols (DIG northern 
started kit, Roche). All RNA samples were run overnight on a 1-2% TAE agarose gel 
(containing 1 x MOPS and 2% formaldehyde) at 20 V, followed by an overnight 
transfer onto a positively charged nylon membrane (Sambrook et al., 1989). A pre­
hybridisation was performed, after which the membranes (enclosed in a bag with the
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appropriate labelled gene specific probe) were hybridised overnight in a water bath at 
6 8 °C.
Washes were followed according to the protocol (Roche); low stringency washes of 
2 x SSC/0.1% SDS at room temperature for 5 minutes, twice; followed by high 
stringency washes o f  0.1 x SSC/0.1% SDS at 6 8 °C for 15 min were performed twice. 
Gels were exposed to X-ray film with different time exposures.
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Results 
Chapter 3; Physiological analysis of Streptomyces coelicolor MT1110 
and phoP and ppk mutants in phosphate limited medium.
Mutants o f the phoR-phoP  two component system, and the polyphosphate kinase 
encoding gene, p pk  had to be generated prior to the fermentation studies. I received 
the original plasmids containing the antibiotic resistance cassettes (apramycin and 
hygromycin) inserted into the respective genes (phoR, phoP, phoRP  and ppk) from 
M.J. Virolle (Blondelet-Rouault et al., 1997). The same constructs were used for the 
parallel S. lividans study (Chapter 5). Following the generation o f  the null mutants, 
fermentation studies were performed in 2 mM phosphate limited Evans medium, on 
the parental strain, MT1110 and the two single-gene null mutants, phoP  and ppk. 
During the course o f  each fermentor run, samples were removed for transcriptomic, 
antibiotic (ACT and RED) and metabolite analysis (phosphate, glucose and 
ammonium).
3.1 Generation and validation of the disruption mutants in the S. coelicolor wild 
type strain, MT1110.
The full description for the construction strategy o f  the ppkr.Qhyg, phoR: :Qaac, 
phoP: :Qaac and the AphoRP mutants is given in the materials and methods (Chapter 
2.9.3). After the molecular manipulation to generate the mutants in the parental strain, 
M T1110, screening procedures were conducted to confirm the presence o f the desired 
insertion sites. Initial colonies showing the required antibiotic sensitivities (pho 
mutants, aacR; p pk  mutants, hygR) were plated onto selective media to verify definite 
resistance to the relevant antibiotic. DNA extractions were performed on two colonies
n o  C O
of each o f the aac hyg pho  mutants, and aac hyg. ppk  mutants generated. The total 
DNA from the pho::Q  aac and ppk::Q  hyg mutants was digested with Pstl, and Xhol, 
respectively. DNA was run on 0.8% agarose gels overnight, transferred to nylon 
membranes via Southern blot hybridisation and hybridised to DIG labelled probes. 
Figures 3.1 and 3.2 show the expected restriction fragment sizes from the Southern 
blot using the stated restriction enzymes. Wild type MT1110 DNA was also digested 
with the relevant restriction enzymes, and used as the control.
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Figure 3.1. A restriction map displaying the location o f the phoR  and phoP  genes and flanking regions 
o f the S. coelicolor chromosome. In the pho genes, the position of the inserted apramycin-resistance 
cassette is illustrated. Restriction sites used for insertion o f  cassettes: Ncol for phoR; Notl, for phoP\ 
Ncol and Notl for AphoRP). The expected hybridizing DNA fragment sizes for each o f the pho mutants 
and the wild type MT1110 following digestion with Pstl are indicated (see Figure 3.3). (Map not to 
scale).
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Figure 3.2. A restriction map displaying the location o f the ppk  gene, alongside the flanking regions of 
the S. coelicolor chromosome. In the ppk  genes, the position o f the inserted hygromycin cassette is 
illustrated (ppk at a unique Stul site) The expected hybridizing restriction fragment sizes for the 
ppkr.CShyg mutant and the wild type MT1110 following digestion with Xhol are indicated (see 
Figure 3.3). (Map not to scale)
The Southern analysis confirmed that all mutants had the relevant antibiotic resistance 
cassettes inserted in the chromosome at the correct position and were therefore 
inactivated. Figure 3.3a confirms all the different chromosomal restriction patterns for 
the pho  mutants. The labelled probe was the AphoRP disruption fragment obtained 
from the initial plasmid derivatives o f the E. coli plasmid pIJ2925 (Chapter 2.9.3). 
The inserted apramycin resistance cassette is 1.8 kb in size and therefore the Pstl 
restriction fragment increases from 3 kb to 5.2 kb and 4.8 kb for the phoR  and phoP  
fragments respectively. However in AphoRP the Pstl restriction fragment increases by 
only 1 kb to 4 kb, due to the deletion o f a 723 bp region before the insertion o f the 
resistance cassette. Figure 3.3B shows the size difference between the ppk::f2hyg  and
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M T1110; the labelled probe was the ppkr.Qhyg  digestion fragment obtained from the 
initial plasmid derivatives o f the E. coli plasmid pIJ2925 (Chapter 2.9.3). The inserted 
hygromycin resistance cassette is 2.3 kb in size, so the size o f the Xhol restriction 
fragment increases from 1.8 kb to 4.1 kb. The additional 7.4 kb band present in the 
pho  mutants and MT1110 (Figure 3.3A) is due to hybridisation o f the probe to an 
additional upstream Pstl fragment, incorporating part of phoR  gene, accounting for an 
additional hybridizing fragment in all samples including the control.
A.) B.)
Figure 3.3. Southern blot analysis to confirm the correct insertion of the apramycin and hygromycin 
cassettes in the respective phoR, phoP and ppk genes o f S. coelicolor. (A) pho mutants; chromosomal 
DNA isolated from phoRQ raac  (lanes 1 and 2), phoPQ::aac (lane 3), AphoRPflyaac (lanes 4 and 5) 
and wild type, MT1110 (lane 6). All samples digested with Pst\ restriction enzyme, using the 
AphoRPQr.aac insert as a probe. (B) ppk mutant; chromosomal DNA isolated from ppkO::hyg (lane 1) 
and wild type, MT1110 (lane 2) both samples digested with Xhol restriction enzyme, using the 
ppkQy.hyg insert as a probe.
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In conjunction with the results from the Southern analysis, additional confirmation 
was obtained by assessing specific antibiotic sensitivities of the disruption mutants 
confirming the cassettes had been inserted into the S. coelicolor chromosome (Figure 
3.4). All the pho  mutants were apramycin resistant and hygromycin sensitive, whereas 
the ppk  mutants were shown to be hygromycin resistant and apramycin sensitive. The 
wild type is not resistant to either antibiotic.
Figure 3.4. Cultures o f all pho and ppk  insertion mutants grown on R5 plates illustrating antibiotic 
sensitivities. (A) R5 with no antibiotics added (B) R5 containing 100 pg /ml hygromycin and (C) 
R5 containing 50 pg/ml apramycin
The R5 plate without antibiotics (Figure 3.4A) also demonstrates the differing levels 
o f secondary metabolite synthesis detected within the mutants and the wild type. The 
ppk  mutant appears to have the lowest actinorhodin production, furthermore when the 
wild type (MT1110) is beginning to initiate actinorhodin synthesis the ppk  mutant 
remains relatively red, indicating only undecylprodigiosin synthesis. In comparison 
the double mutant AphoRP precociously over produces actinorhodin as does the phoP  
mutant in comparison to the wild type. The double mutant appears to be the most 
significant producer o f actinorhodin, hinting at a possible phosphate stress or 
limitation; actinorhodin (ACT) production is deemed to be phosphate or ammonium 
repressed whereas undecylprodigiosin (RED) production is growth phase regulated 
(Hobbs et al., 1990).
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3.2 Initial trial fermenter cultivations of S. coelicolor MT1110
Initial fermentation studies were performed using 2 mM phosphate limited Evans 
medium as described in Evans and Herbert, (1970). However after two completed 
runs (one MT1110 and one ppk) it was discovered that the Evans medium had been 
modified for use with Streptomyces and previous studies in the laboratory o f M. E. 
Bushell had been conducted using the modified version. Interestingly when it was 
decided to continue with the experiments using the modified Evans medium, the 
growth curves and antibiotic titres were affected significantly.
For the following results ‘Evans plus ammonium’, refers to the original medium 
recipe used by Evans and Herbert with ammonium chloride as the nitrogen source. 
’Evans plus nitrate’ refers to the modified medium containing sodium nitrate as the 
nitrogen source. A comparison study with the previous agar plate-based S. lividans 
study (Chapter 5) was performed using R2YE (0.37 mM phosphate) as described in 
the Streptomyces manual (Keiser et al, 2000) except agar was not added to the 
fermentation runs, resulting in a liquid R2YE medium.
Figure 3.5a shows that cultures grown in Evans plus nitrate are the weakest 
synthesisers o f actinorhodin, 0.4 mg/g compared to 4.6 mg/g and 22.6 mg/g for 
R2YE, and Evans plus ammonium respectively. The actinorhodin levels o f the R2YE 
culture are relatively low; the concentration for comparison purposes is presented in 
mg/g, allowing for any differences which may occur from the biomass skewing the 
antibiotic titre levels. The R2YE culture being the most complex medium in the 
comparison has the highest biomass. This medium was being used more as a control 
because o f the conflicting results we were finding when comparing S. coelicolor to the 
S. lividans study. This complex medium could account for the lower actinorhodin 
titre, as the culture may not be in a state o f limitation; however the considerable 
difference between the two minimal media is more noticeable.
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Figure 3.5. Comparison o f antibiotic titres of S. coelicolor MT1110, using three different phosphate 
limited media; Evans minimal medium with either ammonium (blue) or nitrate (red) as the nitrogen 
source, and liquid R2YE (yellow). (A) Actinorhodin production mg/g and (B) Undecylprodigiosin 
production in mg/g.
The titre o f actinorhodin has been shown to be dependent on the specific nitrogen 
source used; sodium nitrate has by far the lower titres with a peak at 81 h o f 
0.38 mg/g, compared to the wild type with a 70-fold higher titre at 22.6 mg/g. The 
R2YE levels o f ACT are lower than expected and seem not to compete with the Evans 
plus ammonium, however this could be explained by the lack o f growth after 6 6  h. 
R2YE is a complex rather than a minimal medium and over the course o f the 
experiment the biomass and exhaust gases increased to such a point that the overflow 
bottle contained the majority o f the culture, prematurely terminating the experiment. 
Since actinorhodin is predominantly produced at late exponential/early stationary 
phase, this could account for the antibiotic levels being less than the Evans with 
ammonia. Even so the titres o f the complex R2YE medium were still more elevated 
than those in the sodium nitrate cultures.
Levels o f undecylprodigiosin are also depleted in the nitrate culture (0.3 mg/g), 
however a reversal occurs in the other two cultures, R2YE titres are more elevated 
than Evans plus ammonium, at 10 mg/g and 2.9 mg/g respectively. Again this pattern 
o f synthesis can be attributed to the lack o f growth o f the R2YE culture after 6 6  h. 
RED is growth dependent so will be induced at early exponential growth, where upon 
ACT is generally induced by nutritional limitation at latter growth stages. Therefore
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normal growth o f both cultures occurred before 66  h, and since RED is growth 
dependent and R2YE is the more complex medium with a larger biomass the titres of 
RED (mg/g) will be more elevated. Perhaps if the R2YE grown culture had continued 
beyond 66  h both the ACT and RED titres would have been more elevated than that o f 
the Evans minimal medium with ammonium.
An explanation for the antibiotic variations between all three cultures could be due to 
the growth rates o f the cultures. In the complex medium more growth is expected than 
either o f the minimal media. As undecylprodigiosin is generally limitation 
independent with synthesis occurring during mid exponential phase, it could be 
assumed that at this point with a higher biomass more antibiotic can be synthesised. 
To minimise the effect o f this variation, antibiotic levels are compared in mg/g, if  one 
culture produces more biomass along with an increased secondary metabolite 
production, the comparison o f results in mg/g should take into account the variation.
Evans plus nitrate has very low titres o f antibiotic, indicating it would not be the best 
medium to use in this study comparing antibiotic synthesis amongst different 
antibiotic producing mutants. However, these finding contrast with those found by 
Hobbs et al, (1990) where sodium nitrate instigated actinorhodin production and 
ammonium chloride inhibited production. Actinorhodin was found to be highly 
sensitive (with respect to undecylprodigiosin) to ammonium chloride. However in a 
latter section o f the study comparing the effect o f phosphate concentration on 
secondary metabolite production, a combination o f phosphate supplementation and 
nitrate inhibited antibiotic production to such an extent, comparative studies had to be 
conducted using ammonium as the nitrogen source. In Evans minimal medium 2 mM 
phosphate is added, but in the HMM just over 0.01 mM (Hobbs et al., 1990), perhaps 
this large difference in phosphate concentrations could account for the opposing 
effects o f  sodium nitrate on the antibiotic titres in the respective studies.
For the remaining fermentation studies, it was decided that the original 2 mM 
phosphate limited Evans medium with ammonium chloride as the nitrogen source 
would be used. In part this decision was taken due to the time scale required for a 
complete analysis o f all medium components, highlighting any problems and finding
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an optimal nitrogen source. However, the decision was also influenced by the fact that 
two batch cultures and their sampling had already been completed with the original 
formulation o f  Evans medium.
3.3 Growth of S. coelicolor MT1110 in a phosphate-limited batch culture
S. coelicolor wild type M T1110, alongside the phoP  and p pk  mutants were grown in a
1.5 L fermenter containing phosphate limited (2 mM) Evans medium. The medium 
was inoculated with 5% pre-inoculum, and kept under constant growth conditions 
(30°C, pH 6 .8 , air flow 1L/L). At regular intervals samples were taken for monitoring 
the growth curve, selected primary metabolites and antibiotics synthesised. The 
growth curve was generated using dry weight measurements performed on 5 ml 
culture samples (in triplicate). Additionally 9 x 1 ml samples were separated into 
mycelium pellets and supernatant and kept at ~20°C for antibiotic and other metabolite 
assays (All metabolite data for all replicates and strains shown in Appendix A .I.)
Figure 3.6 displays the growth curve o f S. coelicolor MT1110 in phosphate limited 
(2 mM) Evans medium. Mycelium for RNA purification was collected at the 
following time points; 21, 31, 36, 38, 40, 42, 44, 46, 60, 70 and 81 h, plus a final 
sample at 135 h. Comparable samples were simultaneously removed for antibiotic and 
metabolite analysis. After analysing the data and pattern o f  the growth curve six time 
points (31, 38, 42, 46, 60 and 81 h) were selected for RNA extraction in subsequent 
fermentor cultivations to give a representative view o f the growth curve.
In Figure 3.6, data has been plotted with two growth curves representing different 
biological replicates, but the averaged data o f the metabolite and antibiotic 
concentrations. The main problem with liquid cultivation o f Streptomyces is the 
propensity for the mycelium to pellet. Not only does this affect internal factors of the 
growth, the culture can become completely heterogeneous. Additional problems with 
fermentation growth is the position o f the impellers. Ideally they should cause the 
maximum aeration and mixing capacity without affecting the overall status o f the 
culture. However as each o f the samples are removed and the overall volume 
diminishes splashing can occur, allowing some biomass to be deposited onto the sides
Chapter 3: Streptomyces coelicolor M T1110, phoP  and ppk 74
of the vessel wall. Not only can this affect the physiological state o f the culture it also 
interferes with the dry weight measurements. Aeration is important with fermentor- 
based growth; if the filters become blocked pressure can build up within the vessel, 
forcing biomass up onto the upper levels o f the vessel, or into the trap bottle. This 
would interfere with growth and would prevent consistent comparisons between the 
wild-type and mutant strains.
In the following graphs depicting dry weight measurements, sample variation was due 
to minimal splashing o f biomass onto the side walls, but variation was not to such an 
extent to compromise the entire experiment. Some o f the later stage time points (after 
81 h) may have a larger variation, mainly due to the splashing biomass lysing and 
falling back into the bulk o f the culture. After this point only antibiotic titres were 
measured and RNA samples were not taken
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Figure 3.6. Batch cultivation o f S. coelicolor MT1110 wild type in 2 mM phosphate limited Evans 
(duplicates). Samples were removed for metabolite analysis; phosphate (orange), glucose (yellow) and 
ammonium (brown), all measured in g/1. Secondary metabolites; total actinorhodin (blue) and 
undecylprodigiosin (red), both measured in mg/g. Cell growth was monitored by determining the dry 
weight in g/1, replicate A (dark green) and replicate B (light green).
Figure 3.6 shows the ‘transition’ (or ‘hesitation’) phase in the growth o f MT1110, 
indicated by the decrease in biomass as some o f the mycelium lyses and is
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“cannibalised” and reabsorbed to be used in new growth processes. This phase occurs 
in the ‘mid-exponential’ phase between 40 h and 46 h, coinciding with the depletion 
o f phosphate (<5 mg/1), and an induction o f actinorhodin synthesis. This transient 
phase could have been made more distinct by including additional time points; 
however, the amount o f culture volume that can be removed without compromising 
growth is dependent on the vessel size, and a fermenter should be operated at no less 
than half o f the total volume; therefore with a 1.5 L fermenter the maximum biomass 
removed should not exceed 750 ml.
Phosphate levels in the culture medium were depleted by 46 h o f cultivation, while 
levels o f  glucose and ammonium remained high throughout the entire fermenter run, 
indicating that physiological changes arising from this point are likely to be due to the 
limitation o f phosphate and not o f carbon or nitrogen.
Actinorhodin production continued to increase from the ‘hesitation’ phase at late 
exponential growth (46-60 h) through into early stationary phase where it becomes 
constant (62 mg/1). Undecylprodigiosin production was induced earlier, either 
irrespective o f  nutritional stress or perhaps indicative o f  a more sensitive system 
initiated by the slight decrease in glucose and phosphate. This production beginning at 
early exponential stage o f 31 h continuing to increase up to early stationary 
whereupon production begins to diminish.
3.4 Growth of S. coelicolor phoP  mutant in a phosphate-limited batch culture.
Figure 3.7 shows the growth curve o f S. coelicolor phoP::f2aac in 2 mM phosphate 
limited Evans medium. Samples for RNA extraction were collected at 31, 38, 42, 46, 
60, and 81 h. Transcriptomic analysis was carried out and compared with that o f the 
wild type, MT1110; samples at these time points were also removed for analysis of 
antibiotics and selected metabolite concentrations. As with the wild-type (Figure 3.6) 
dry weight growth curves have been plotted individually due to the variation in the 
growth kinetics; antibiotic and metabolite assays have been averaged across the 
replicates.
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Figure 3.7. Batch cultivation of S. coelicolor phoP::f2aac in 2 mM phosphate-limited Evans medium. 
Samples were removed for metabolite analysis, phosphate (yellow), glucose (orange) and ammonium 
(brown), all measured in g/1. Secondary metabolites; total actinorhodin (blue) and undecylprodigiosin 
(red), both measured in mg/g. Cell growth was monitored by determining the dry weight in g/1, 
replicate A (dark green) and replicate B (light green).
The ‘hesitation’ phase was not so distinct in the phoP  mutant, with replicate A 
seeming to have a long stationary phase. However, there is a decline in growth rate at 
38 h which coincides with phosphate limitation and actinorhodin production, 
indicating this was the ‘hesitation’ phase occurring, commencing two hours before the 
wild type (40 h). In replicate B the ‘hesitation’ phase was even less pronounced with 
no actual decline occurring; however, at a similar time (36-38 h) there was a slowing 
o f growth, followed by another rapid phase o f growth. Combined with the results 
from replicate A, I would assume this was a more subtle point at which the 
‘hesitation’ phase occurs. Actinorhodin and undecylprodigiosin production followed 
the same pattern o f synthesis as the wild-type. In fact the titres o f undecylprodigiosin 
had slightly elevated levels relative to the wild-type. This effect is possibly due to the 
poor growth rate o f the mutant; the culture looked “sick” with very pink, small pellets, 
indicating growth under a stress. As with the wild type strain, undecylprodigiosin 
production occurred throughout growth o f the culture being detected at the earliest 
time point, at 20 h, contrasting with actinorhodin production which initiated at 38 h, 
corresponding to the sampling point after which phosphate was depleted in the growth 
medium (31 h).
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3.5 Growth of S. coelicolor ypk  mutant in a phosphate-limited batch culture
Figure 3.8 shows the growth curve o f S. coelicolor ppk::£2hyg in 2 mM phosphate 
limited Evans medium. Samples for RNA extraction were collected at time points 31, 
38, 42, 46, 60, and 81 h to carry out transcriptomic analysis for comparison against 
the wild type, M T1110. Samples at these points were also removed for analysis of 
antibiotics and metabolite concentrations.
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Figure 3.8. Batch cultivation o f S. coelicolor ppk::f2hyg in 2 mM phosphate-limited Evans medium. 
Samples were removed for metabolite analysis, phosphate (yellow), glucose (orange) and ammonia 
(brown), all measured in g/1. Secondary metabolites, total actinorhodin (blue) and undecylprodigiosin 
(red), both measured in mg/g. Cell growth was monitored by determining the dry weight in g/1, 
replicate A (dark green) and replicate B (light green).
There seems to be an anomaly between the two replicate growth curves; replicate A 
grew well and to a final biomass higher than even the wild type, whereas replicate B 
produced a growth curve more expected o f the ppk  mutant, with the physiological 
observations noted previously in this chapter. It is not understood why this may have 
occurred, and a third replicate would indicate which was the most likely correct 
growth pattern; however due to the time scale o f this project only duplicate studies 
could be conducted. The sample culture o f replicate A was not contaminated, because 
this is controlled throughout the experiment by checking samples under the 
microscope and by plating on LB agar plates. The waste gases o f the cultures and
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other variables are recorded during the cultivation, along with logging o f any 
problems which may occur throughout the run, and none o f these hinted at a reason 
for the variation between the two replicates. In the S. lividans study (Chapter 5) the 
ppk  mutant was the weakest growing strain, with a decreased biomass in comparison 
to not only the parental strain, TK24 but also the phoP  mutant. Additionally there was 
a notable frailty o f the mycelium of the S. lividans p pk  mutant when surface grown 
culture samples were removed by scraping from the cellophane discs, suggesting that 
the more representative replicate is replicate B. The ‘hesitation’ phase is less 
pronounced with this strain, with the secondary metabolites, appearing at a later stage 
in growth than with the previously discussed strains. This could be attributable to the 
delayed consumption o f phosphate (see section 3.6) where the culture medium does 
not reach total phosphate depletion until 91 h (although after 60 h the sample is 
extremely phosphate limited).
The growth o f the pp k  mutant was a lot slower than the wild type and microscopic 
analysis showed this mutant grew as smaller pelleted cultures. The phosphate level 
decreased rapidly before 31 h (compared to 36 h with the wild type) which coincides 
with a plateau o f dry weight in replicate A, but in replicate B the culture still 
continued in exponential growth even in phosphate limitation; there is a slight 
decrease in the growth rate between 36 and 38 h, which could be an indication of the 
‘hesitation’ phase, as growth before and after are steady and at a higher growth rate. 
This time period does fall within the decrease in phosphate levels and an increase in 
actinorhodin titres
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3.6 Comparative phenotypic analysis between the S. coelicolor parental strain, 
and the phoP  and ppk mutants.
Figure 3.9 illustrates the time course o f the glucose (A) and phosphate concentrations 
(B) between the three different S. coelicolor strains used in this study. Both M T1110 
and the ppk  mutant have an initial increase (18 h) in glucose concentration, but this 
could be due to other internal factors affecting the assay, although in the phoP  mutant 
glucose levels remained fairly constant during this time period. The glucose assay 
performed is accurate and reliable; when measured against a standard curve, the 
results were consistently accurate. An explanation for the increased glucose 
concentration could be a slight carry over o f medium components from the pre­
inoculum. The ppk  mutant consumed less glucose from the medium throughout the 
whole run. Thus this could be an effect o f the slower growth rate o f this mutant in 
comparison with the other strains, leading to a decrease in the rate o f consumption of 
glucose.
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Figure 3.9. Comparison o f the culture supernatant metabolite concentrations from the batch cultivation 
o f S. coelicolor M T1110 (blue), phoPr.fiaac (red) and ppk::f2hyg (yellow) in 2 mM phosphate limited 
Evans medium. A) Phosphate concentrations (mM), B) Glucose concentration (g/1)
The purpose o f the glucose assay is to prove that the limiting factor during the 
culture’s growth is not glucose, since the focus o f this study was to investigate the 
global transcriptional consequences o f phosphate depletion. These metabolic 
parameters were later used in metabolic flux analysis (A. M. Kierzek, personal 
communication) along with the transcriptomic data to understand which genes are
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necessary in maintaining efficient cell growth and which processes are altered either 
in the absence o f phosphate or in strains carrying the respective mutations.
Phosphate was limited in all the fermenter cultures, with an initial concentration o f 
2 mM decreasing to a negligible amount as the runs continued. As Figure 3.9A 
indicates, all six fermenter runs had become completely depleted o f phosphate by 
91 h, with the phoP  mutant being the quickest o f all the strains to exhaust the initial 
supply (31 h), in comparison to MT1110 at 42 h. The slowest strain in phosphate 
utilisation was ppk; traces o f phosphate still remained in the culture medium at 91 h, 
although the majority o f the phosphate had been utilised by 60 h.
Since the p pk  gene encoding the polyphosphate kinase enzyme is not active (in the 
ppk  mutant), the kinase activity will either be redundant or present in minuscule 
amounts. Polyphosphate kinase works primarily to convert phosphate taken up from 
the environment into long chains o f poly-P; these chains act as a phosphate storage 
polymer for when phosphate becomes unavailable (Kornberg et al., 1999; Chouayekh 
and Virolle, 2002; Shiba and Tsutsumi, 2000). However, if  the enzyme is unable to 
function, this could possibly explain the higher levels o f phosphate present in the 
growth medium at the later time points since no reservoirs o f phosphate can be 
created, and the strain utilises the phosphate in the medium as and when needed. 
Eventually phosphate will become limited as there would be no source of 
replenishment from intracellular poly-P and the cell would then become phosphate 
starved.
Although polyphosphate kinase is the main enzyme mediating polyphosphate 
biosynthesis, it has been proposed that other poly-P degrading enzymes such as the 
exopolyphosphatase and endopolyphosphatase may form chains o f poly-P by 
operating in the reverse direction; in addition to other enzymes such as poly-P - 
phosphotransferases, enzymes which uses 1,3-diphosphoglycerate to form poly-P 
(Kulaev and Kulakovskaya, 2000). Further work to clarify this would be to assay the 
level o f poly-P in the mycelium; In E. coli the levels o f poly-P decrease rapidly upon 
phosphate starvation but complete restoration occurs on addition o f orthophosphate to 
the culture (Kulaev and Kulakovskaya, 2000).
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As displayed in Figure 3.10 a similar pattern o f phosphate consumption from the 
medium occurs using a high phosphate-containing medium. Measurements were only 
performed with a single replicate culture using a phosphate replete (10 mM) Evans 
medium
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Figure 3.10. Comparison o f the phosphate concentrations (mM) from the batch culture o f S. coelicolor 
M T1110 (blue), phoP::f2aac (red) and ppk::f2hyg (yellow) in 10 mM phosphate replete Evans medium 
(data shown as single replicates).
The phosphate levels never become limiting at any point during the experiment for 
any o f the cultures (reaching a minimum o f 1 mM for both the wild-type and the phoP  
mutant) but the ppk  mutant culture had far higher levels o f phosphate remaining in the 
culture medium at the end o f the experiment (4 mM). Unlike with the low phosphate 
medium the ppk  mutant depletes phosphate at a rate similar to the other two strains, 
but it is after 38 h when the difference in the phosphate level o f the culture becomes 
noticeable. To be completely confident over this result further replicates would need 
to be completed, but due to the time constraints o f this project these could not be 
completed.
The ‘hesitation’ phase is a major point in the growth o f Streptomyces cells, and has 
been well documented that this phase coincides with initiation o f ACT production 
(Bibb, 1996; Chater, 1998; Hopwood, 1999). The best example o f the so-called 
‘hesitation’ phase in this study is with the M T1110 cultures (Figure 3.6) where a clear 
profile is illustrated with the ‘hesitation’ phase coinciding with a decrease in 
phosphate levels and the initiation o f actinorhodin. This pattern occurs with all the 
strains but with some cultures is less pronounced, most likely due to the reduced
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number o f time points (6 ) studied except in the initial M T1110 replicate A (10). For a 
fuller analysis o f this hesitation phase there should be more frequent sampling o f time 
points between 38 h and 46 h; however, as mentioned previously volume constraints 
o f the 1.5 L fermenter vessel dictated the final number o f samples that could be 
removed for these experiments.
Since both the two component PhoR-P system and the polyphosphate kinase are 
linked to secondary metabolite synthesis, a comparison o f the ACT and RED titres 
was performed. To aid the comparison between all the strains, measurements are in 
mg/g to account for any differences due to the variations in growth biomass. As can 
be seen from Figure 3.11, in both ACT and RED synthesis, the phoP  mutant is by far 
the overproducing strain; however with one o f the replicates ACT production is 
reduced (see Appendix A.2. with separate plots for each replicate), although there still 
remains an increased synthesis relative to both the parental strain and the ppk  mutant.
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Figure 3.11. Comparison of the culture supernatant secondary metabolite concentrations from the batch 
cultivation o f S. coelicolor MT1110 (blue), phoPr.Qaac (red) and ppk::£2hyg (yellow) in 2 mM 
phosphate-limited Evans medium (A) Actinorhodin concentration (B) Undecylprodigiosin 
concentrations, both measured in g/1.
When a ppk  mutant was studied in S. lividans, it was found that the mutant 
overproduced ACT; hence it was assumed that the ppk  product negatively regulates this 
pathway (Chouayekh and Virolle, 2002). This data on S. coelicolor reveals the opposite 
result, whereby the ppk  mutant is by far the lowest synthesiser o f antibiotics. The 
difference was initially thought to be due to differences in the medium or growth 
conditions, since the S. lividans study used R2YE agar plates and cellophane discs,
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whereas the S. coelicolor mutant was grown in a 1.5 L fermenter in Evans phosphate- 
limited minimal medium. Therefore a small shake flask study was conducted to 
determine whether this result was medium or species dependent. Mycelium of both 
S. coelicolor (MT1110 and ppk::f2hyg) and S. lividans (TK24 and ppk:: Qhyg) were 
grown in flasks o f liquid R2YE without phosphate supplementation in triplicate. 
Samples for determining actinorhodin concentrations were taken at 45 h and 189 h. In 
parallel with this flask study, the fermenter runs using ammonium chloride or nitrate 
were being performed, so an additional fermenter run was undertaken using liquid 
R2YE (see section 3.2)
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Figure 3.12. Comparison o f actinorhodin produced from flask cultures grown in R2YE o f S. coelicolor 
wild type MT1110, S. lividans parental strain TK24 and the respective ppk  mutants. Samples taken at 
45 h (purple) and 189 h (blue). Error bars standard deviation between the replicates
As Figure 3.12 illustrates S. coelicolor produces far higher quantities o f actinorhodin in 
the wild type MT1110, whereas in S. lividans the ppk  mutant has the increased 
production. All concentrations increase with respect to time but follow the same pattern 
as the earlier time point. These results confirm the findings in the fermenter that the 
S. coelicolor wild type strain M T1110 overproduces antibiotics with respect to the ppk  
mutant (Figure 3.11), but also reveal that the opposite occurs in S. lividans, where the 
ppk  mutant overproduces with respect to the parental strain, TK24. Intracellular 
actinorhodin assays had to be performed for the above comparisons because R2YE 
contains MOPS buffer which caused a change in the total actinorhodin assay
MT1110 MT1110 ppk TK24 TK24 ppk
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supernatant (using 1 ml o f culture) from blue to green, decreasing the 
spectrophotometer readings and subsequent actinorhodin concentration. The presence o f 
the MOPS buffer did not allow for the correct pH to be achieved for each assay (RED, 
acid; ACT, alkali) however since the RED assay was performed on the mycelium (from 
1 ml o f culture) the readings did not seem to be affected. The intracellular actinorhodin 
was measured, but would produce slightly lower titres than with a total actinorhodin 
assay as some actinorhodin is present in the supernatant. Since all assays were 
performed following the same protocols, comparisons within the flask experiment can 
be conducted but not for experiments in the fermenter where total actinorhodin assays 
were used, although synthesis titre patterns between each can be discussed.
RED production was also diminished in the S. coelicolor p pk  mutant when compared 
to the parental M T1110 strain and the phoP  mutant. Overall, the wild type strain had a 
relatively higher production o f RED but at a peak o f 80 h, while the phoP  mutant had 
a greatly increased titre. This difference in titre could be due to the difference in the 
growth rates between the phoP  mutant and the wild type; the phoP  mutant grows 
poorly and consequently total biomass is reduced. If the same profile o f RED 
production occurs up to the 80 h time point, the MT1110 will have a lower specific 
production overall as the biomass for the wild type will be far higher relative to the 
mutant.
The basis for the differences in antibiotic production by the wild-type and ppk  mutant 
strains o f S. coelicolor and S. lividans is not understood. In the S. lividans parental 
strain TK24, very little actinorhodin is synthesised, even under conditions o f 
phosphate limitation, which is commonly known to stimulate antibiotic production. 
By contrast S. coelicolor produces significant higher levels o f both actinorhodin and 
undecylprodigiosin. Furthermore, the p pk  mutation leads to activation o f ACT 
synthesis in S. lividans, while the equivalent mutation suppresses ACT synthesis in 
S. coelicolor. These observations indicate that there are differences in the respective 
regulatory networks that control antibiotic production in S. coelicolor and S. lividans. 
Some studies o f S. lividans have demonstrated that actinorhodin production can be 
activated in S. lividans by additional genes. For example, Floriano and Bibb (1996) 
introduced multiple copies o f afsR or afsR2 into S. lividans, and found that
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actinorhodin production was activated; neither pathway is essential for actinorhodin 
synthesis and a deletion in one will cause an over expression o f the other (Floriano 
and Bibb, 1996). AfsR is phosphorylated by the serine-threonine protein kinase, afsK 
and shows homology (33%) in the N-terminal domain to both Act-IIORF4 and RedD 
(Matsumoto et al., 1994). AfsR is the transcriptional activator o f afsS  (afsR2 in 
S. lividans (Vogtil et al., 1994)), and shows enhanced DNA binding to the promoter 
upon phosphorylation (Tanaka et al., 2007).
Components o f the growth medium itself can induce or repress actinorhodin synthesis 
in S. lividans. For example, cultures grown in glucose as the major carbon source are 
repressed for synthesis o f actinorhodin whereas those grown in glycerol produce 
pigmented antibiotics to a level comparable with that o f wild-type S. coelicolor strains 
(Kim et al., 2001).
In the present study glucose was used as the carbon source both in liquid and solid 
cultures, providing similar reproducible results. Despite the presence o f glucose, 
actinorhodin production is considerably enhanced in an S. lividans ppk  mutant. A 
possible explanation is perhaps that in the S. lividans parental strain, the activity o f the 
ppk  gene product could negatively regulate the production o f actinorhodin where the 
cellular level o f polyphosphate suppresses the effects o f  phosphate-limited activation 
o f  actinorhodin. In contrast, it could be speculated that in the S. lividans ppk  null 
mutant the lack o f polyphosphate allows stimulation o f actinorhodin synthesis. 
However this possible explanation clearly does not apply to S. coelicolor since 
actinorhodin production is suppressed in the ppk  null mutant.
In conclusion the wild-type M T1110 cultures had the greater biomass and ppk  mutants 
the lowest, along with a minimal synthesis o f both actinorhodin and 
undecylprodigiosin. However in the p pk  mutant the uptake o f  phosphate was slower 
with respect to the other two strains in both phosphate limited and phosphate replete 
conditions. The observed antibiotic levels (mg/g) o f the S. coelicolor ppk  mutants 
contrasts with previous studies o f a S. lividans p pk  mutant (Chouayekh and Virolle, 
2002) Overall the S. coelicolor phoP  mutant had a greatly increased antibiotic titre, 
consistent with previous studies (Martin, 2004) demonstrating that phosphate
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limitation and the PhoR-P two component regulatory system have an impact on the 
synthesis o f secondary metabolites. Further studies should be conducted to complete 
the analysis o f the influence o f phosphate on antibiotic production by S. coelicolor, a 
study was initiated using a phosphate replete medium (10 mM) but was not completed 
due to time constraints. The final results from this data would be beneficial in 
confirming the results already obtained under phosphate limitation. Additionally data 
would be more statistically valid if  a triplicate data set was used as was conducted 
with the S. lividans studies (see Chapter 5).
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Results 
Chapter 4; Global transcriptional analysis of Streptomyces coelicolor 
MT1110 and vhoP  and ppk mutants
RNA samples were isolated from the batch cultures as described in Chapter 3 in order 
to conduct transcriptomic analysis. RNA was purified and assessed for quality and 
integrity as described in Materials and Methods (Chapter 2.10). Global expression 
analysis was conducted using in-house produced DNA microarrays (see Chapter 2.11). 
Normalisation and statistical analysis were performed (see Chapter 2.11.7).
4.1. Transcriptomic analysis of S. coelicolor MT1110 and the phoP  mutant.
For an initial diagrammatic overview o f the expression profiles across all the time 
points and between the strains, gene trees were generated from the significantly 
expressed gene lists (pfp < 0 .1 )  generated from the rank product analysis. Figure 4.1 
illustrates the difference between the wild-type and phoP  mutant strains.
11 Id 47 4d Ml SI 11 Id 47  46 Ml SI h 11 Id 47 4d Ml SI 11 Id 47  46 Ml SI h4-------------------- ► 4-------------------- ► 4-------------------- ► 4-------------------- ►
MT1110 phoP  MT1110 phoP
Figure 4.1. Gene tree diagrams from the significantly expressed rank product data (pfp < 0.1) for the up 
(left) and down (right) regulated gene in the phoP  mutant relative to the wild type. The gene tree was 
generated in GeneSpring using a Pearson correlation and average linkage clustering algorithm on 
averaged data from both replicates. Colour coding (middle) refers to mean expression ratio cDNA vs 
gDNA. (Additional data in Appendix B).
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4.1.1. Rank product analysis of the phoP  mutant with respect to the wild type.
To investigate further the genes that are up- or down-regulated due either to phosphate 
limitation, or perhaps an effect o f phoP  inactivation, the top 20 ranking genes across all 
the time points were tabulated (Tables 4.1 and 4.2). Interesting and unexpected genes 
are found within the top four ranked genes, across all the six time points: SC04155, 
SC04156 and SC04157 are significantly over-expressed in the phoP  mutant with 
respect to the wild type (Table 4.1). The functions o f these genes are relatively 
unknown, but SC04155 and SC04156 comprise a two component regulatory system, 
and SC04157 encodes a homologue o f protease, DegP/HtrA.
Table 4.1. Top 20 ranked genes up-regulated in the phoP  mutant (with respect to the wild type) across all 
six time points. Fold change is using the log2 scale on averaged data, with probability of false prediction 
(Pfp)-
Rank SCO No. Function Log2 average  fo ld  change pfp va lue
1 SC04157 probable protease 5.01 0.00
2 SC04156 probable two-component system response regulator 2.77 0.00
3 SC00200 Conserved hypothetical protein 4.02 0.00
4 SC04155 probable two-component system sensor 1.72 0.00
5 SCO0549 possible acyl carrier protein 4.11 0.00
6 SCO1773 probable L-alanine dehydrogenase 1.52 0.00
7 SC 01139 possible integral membrane protein 1.86 0.00
8 SCO1349 hypothetical protein 0.98 0.00
9 SC02553 possible oxidoreductase 0.93 0.00
10 SCO4150 possible ABC transport system transmembrane protein 1.40 0.00
11 SC02952 possible helicase protein 0.57 0.00
12 SC01254 purB\ probable adenylosuccino iyase 0.67 0.00
13 SC05773 possible monooxygenase 0.82 0.00
14 SCO0569 possible SOS ribosomal protein L36 1.77 0.00
15 SC05962 probable transcriptional regulator, MerR family 1.86 0.00
16 SC04188 possible GntR-family transcriptional regulator 1.13 0.00
17 SCO0958 hypothetical protein 1.61 0.00
18 SC01153 tesB, acyl-CoA thioesterase II 0.68 0.00
19 SC02949 murA, UDP-N-acetylglucosamine transferase 1.20 0.00
20 SCO0774 probable cytochrome P450 2.15 0.00
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In addition, SCO4150 (a putative transmembrane ABC transport system 
transmembrane protein) is included in this top ranking list, this protein is positioned in 
the chromosome between the two component regulatory system (SC04155 and 
SC04156) and p p k  (SC04145), all just upstream from the pst operon (SC04139- 
SOC4142), suggesting an area o f the chromosome very rich in phosphate related genes. 
In addition, numerous membrane proteins and enzymes are included in this up- 
regulated list, possibly induced either by phoP inactivation or as a result of the 
phosphate limitation.
An acetyl thioesterase II, tesB (SC01153) has slightly elevated levels in the phoP  
mutant. Thioesterases (TE) can be o f two types; type I, chain terminating thioesterases 
and type II, discrete proteins located adjacent to polyketide synthase (PKS) encoding 
genes (Kotowska et al., 2002). SCO 1153, is o f the type II thioesterases (TE), but the 
role o f some o f these proteins is relatively unknown. Polyketide production has been 
demonstrated to be dramatically reduced in strains that have a deleted TE II (Kotowska 
et al., 2002; Butler et al., 1999; Xue et al., 1998). One function proposed is the 
thioesterases involvement in the editing o f irregular intermediates formed during 
macrolide biosynthesis. Free thioesterases might ‘cleanse’ the polyketide synthases and 
remove any intermediates that may impede the enzyme complex (Butler et al., 1999). 
There are three type II thioesterases listed on the ScoCyc website 
(http://scocyc.jic.bbsrc.ac.uk: 1555/), SC01153, SC02773 and scoT  (SC06287), of 
these SCO 1153 was slightly elevated when compared to the wild type (log2 fold 
change o f 0.59) and within the significant pfp range < 0 .1 ; with SC02773 being less 
significant with a slightly higher pfp o f 0.16.
Elevated levels o f expression also occur with murA (SC02949) and purB  (SCO 1254). 
murA encodes an enzyme involved in cell wall peptidoglycan biosynthesis, and during 
the process liberates phosphate; it is therefore a possible target to be regulated by the 
phoRP two component system, providing a tactical pathway in which to scavenge 
phosphate already in the cell following external phosphate limitation. Often murA is a 
target for antibacterial drugs (Bachelier et al., 2006), which cause the cell wall to 
become porous, destroying the bacterial cell. purB  (SC01254) is an
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adenylosuccino lyase, used in the purine nucleoside salvage pathway and both purine 
nucleotide biosynthesis pathways.
Many o f  the genes present in the top twenty ranking o f down-regulated genes are those 
expected in a phoP  null mutant (Table 4.2). Numerous genes known to belong to the 
pho  regulon were repressed, both phoP  (9th) and phoR  (1st) appear with a very 
significant low expression.
Table 4.2. Top 20 ranked genes down-regulated in the phoP  mutant (with respect to the wild type) across 
all six time points. Fold change is using the log2 scale on averaged data, with probability of false 
prediction (pfp).
Rank SCO  No. Function
Log2 average  
fo ld  change pfp va lue
1 SC04229 phoR; putative sensor kinase -3.46 0.00
2 SC04141 pstC', phosphate ABC transport system permease protein -2.33 0.00
3 SCO1048 possible secreted protein -2.22 0.00
4 SC07657 possible secreted protein -0.89 0.00
5 SC06682 ramS; hypothetical protein -1.73 0.00
6 SC01968 putative secreted hydrolase -1.80 0.00
7 SCO5023 possible secreted protein -1.38 0.00
8 SC02462 probable sugar kinase -1.51 0.00
9 SCO4230 phoP\ putative response regulator -1.31 0.00
10 SC01565 probable glycerophosphoryl diester phosphodiesterase -1.37 0.00
11 SCO5408 hypothetical protein -1.22 0.00
12 SC07577 probable secreted hydrolase -0.86 0.00
13 SC04881 possible polysaccharide biosynthesis related protein -1.11 0.00
14 SC03852 putative membrane protein -1.04 0.00
15 SC04597 possible two-component system sensor kinase -1.28 0.00
16 SC01233 ureF\ urease accessory protein -1.90 0.00
17 SC06174 hypothetical protein -1.20 0.00
18 SC06229 probable sugar transport system permease protein -1.26 0.00
19 SCO0816 conserved possible iron-sulfur protein -1.18 0.00
20 SC07486 possible ROK-family transcriptional regulator -1.04 0.00
Similarly with pstC  (2nd), the only gene o f the p st operon detected as significantly 
repressed; pstS  would be expected to be the more strongly repressed gene, since it 
appears first in the p st  operon. However, as illustrated in Figure 4.15 the pstS  gene is
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clearly down-regulated, but not to the same degree as pstC. An explanation could be the 
position o f the two corresponding oligonucleotide probes on the array, or perhaps one 
has a better DNA hybridizing capacity than the other, thus affecting the signal 
intensities. Ranked fifth, ramS (log2 fold-change o f -1.73), encodes a precursor o f the 
protein SapB (O'Connor and Nodwell, 2005), a lantibiotic like peptide produced after 
the post translational modifications from the ramS product (Kodani et al., 2004). SapB 
functions as a surfactant, allowing the surface air interface to be breached by aerial 
hyphae. PhoP may have some function in this pathway, perhaps as a secondary or final 
signal indicating that the cell is in phosphate starvation so aerial hyphae and hence 
differentiation into spores needs to be initiated.
Other down-regulated genes encode numerous enzymes, transport proteins and 
regulatory proteins. UreF (log2 fold change o f -1.90), an accessory protein involved in 
ureide degradation converting water and urea into ammonia and carbon dioxide. This 
protein remains relatively uncharacterised, due its insolubility when overexpressed in 
E. coli, but it is thought to be involved as an accessory protein alongside UreD and 
UreG, to form a GTP-dependent molecular chaperone (Kim et al., 2006).
4.1.2. QT clustering of the phoP  mutant and wild type
To identify related gene expression profiles across the time course, QT clustering was 
performed in GeneSpring using the significant gene lists generated from the rank 
product analysis. The following clusters refer to the significant genes generated for up 
(Figure 4.2) or down (Figure 4.3) regulated genes in the phoP  mutant with respect to 
the wild type, M T1110, with pfp <0.1 . The QT clustering was used as a helpful tool to 
identify which o f the significant genes clustered together, perhaps forming specific 
patterns o f  expression during the time course experiment Data sets and specific gene 
profiles associated with the following QT clusters are detailed in Appendix C.
Within the clustering for up-regulated genes (Figure 4.2.), set 1 (1st row, 1st column) 
has the most significantly changing genes, not necessarily peaking at specific 
developmental time points but highly expressed in comparison to the wild type. This set 
includes the two component system (SC04155 and SC04156) along with the protease 
degP/htrA (SC04157). SC04881 appears too, with unknown function, encoding a
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protein related to polysaccharide biosynthesis, similar to a spore coat protein in 
Bacillus.
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Figure 4.2. QT clustering o f genes up-regulated in the phoP  mutant relative to the wild-type. Clustering 
was performed in GeneSpring based on the significant genes obtained from rank product analysis all with 
a pip value < 0 .1 . Groupings were according to a minimum cluster o f 5 with a similarity o f  0.8. 
(Additional data for each data set is included in Appendix C, colour scale the same as the gene tree)
Another interesting QT cluster set is the third (2nd row, 1st column); at 46 h a peak of 
expression occurs in the wild type strain but is either non existent in the mutant or very 
much reduced, although across all time points the overall expression is higher than the 
wild type. SC03953, encodes a phosphotransferase, providing a possible link with 
phosphate limitation or the phoP  mutant, the wild-type peak at 46 h, coincides with the 
transition phase where a series o f genes are co-ordinately expressed. However in the 
phoP  mutant this peak is greatly diminished. The remaining genes o f this cluster are all 
hypothetical proteins with unknown functions.
-MT1110------------------- ' i---------------------- PhoP-------------------- '
Unclassified: 10,368 genes, 137 in list
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Set 4 (2nd row, 2nd column) has a delayed peak o f gene expression in the wild-type, 
occurring at 46 h, while in the phoP  mutant this peak occurs at 42 h. SC02949 {murA), 
present in set 4, is an UDP-N-acetylglucosamine transferase, involved in peptidoglycan 
biosynthesis, converting UDP-N-acetyl-D-glucosamine and phosphoenolpyruvate into a 
pyruvate enol ether and phosphate. Peptidoglycan is the major component o f the cell 
wall, the delayed expression by four hours in the wild-type, could coincide with the 
delay found in the transition phase in this strain when compared to the phoP  mutant. 
Also clustered in this set are a nucleotidyltransferase, a transcriptional regulator, an 
integral membrane protein, and an oxidoreductase.
The down-regulated gene data seems to show less variation between the clusters 
compared with the up-regulated data (Figure 4.3); however a few o f the genes clustered 
and showed variation between the time points. Set 2 (1st row, 2nd column) shows a 
slight peak o f expression at 60 h in the wild type compared to the mutant; these account 
for three membrane proteins, and a novel two component sensor kinase (although not 
the response regulator).
In Set 3 (2nd row, 1st column) a peak o f activity occurs at 38 h in the wild-type: pntA  
(SC07623), an NAD(P) transhydrogenase alpha subunit involved in nicotinate and 
nicotinamide metabolism, catalysing the reactions o f NAD phosphorylation and 
dephosphorylation. SC07622 (pntB), the beta subunit is also significantly down- 
regulated, although does not appear in the cluster. In E. coli, although the pntAB  
products accounted for 35-45% o f the NADPH biosynthesis, it was found that PntAB 
catalysed formation o f NADPH was not essential in mutants when grown in batch 
cultures containing glucose. Slower growth occurred, but NADPH formation was 
compensated for via the pentose phosphate pathway (Sauer et al., 2004).
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Figure 4.3. QT clustering o f the down-regulated genes in the phoP  mutant relative to the wild type. 
Clustering based on the significant genes with a pfp value < 0 .1 , groupings according to a minimum 
cluster o f 5 with a similarity o f  0.8. (Additional data for each data set is included in Appendix C, colour 
scale the same as the gene tree)
4.1.3. Expression of phosphate genes in the wild-type and phoP  mutant
Expression profiles o f selected genes identified as significant by the rank product 
analysis (pfp < 0.1 across all the time points) are now considered. Figure 4.4 illustrates 
the expression profiles o f selected genes considered to be part o f the PhoP regulon. It is 
seen that inactivation o f phoR  leads to down regulation o f both phoR  and phoP  
expression, indicating that PhoP positively regulates both its own expression and that o f 
the cognate PhoR sensor kinase. The array data illustrates that pstC  expression is down- 
regulated, although the whole operon should be detected and down-regulated in the
M 1 1 te------------------ 1 1----------------------Pho PL
Set 6 :5  genes, 5 in list
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significant gene list. Figure 4.4 represents the whole operon (except pstS, as data for 
this probe failed the quality control criteria in the BlueFuse analysis); all are down- 
regulated, although only pstC  and pstB  have a significant pfp < 0 .1 . The pst operon is 
illustrated in Chapter 1.4.2 and 1.4.3 (Figure 1.5 and Figure 1.7)
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Figure 4.4. Log2 average PhoP/WT fold change o f the pst and pho genes (in the phoP  mutant with 
respect to the wild type, M T1110). Genes significant at all time points with pip <0 .12  (excluding pst A 
and pholf). p h o it  (yellow), phoR  (orange), phoP  (red), pstB  (light blue), pstC  (dark blue), pstA (purple) 
and ppk  (green).
Possible reasons for the absence o f the full pst operon in the significant gene lists could 
be degradation o f a specific probe on the array, or perhaps a lack o f specificity o f the 
oligonucleotide probe itself; another possibility is that a probe was in a region o f the 
array that did not hybridise properly, or had poor background signal. Previous operon 
expression studies in S. coelicolor indicate that the first gene o f the operon should be 
the most highly expressed, progressively decreasing in expression for each subsequent 
gene in the operon (Laing et al., 2006). The fact that the most highly expressed gene of 
the pst operon detected in this study is pstC  and not pstS, suggests that the lack o f full 
operon expression could be due to technical problems with the array (see above), or it is 
possible that there is an internal promoter within the operon which leads to enhanced 
expression o f pstC  relative to pstS. SC04228 {phoU) has been linked to the pho  regulon 
(Ghorbel et al., 2006b); in the phoP  mutant expression is relatively low, but not as 
down-regulated as other known members o f the pho  regulon (data not shown).
2
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4.1.4. Expression of ram genes in the wild-type and phoP  mutant
Another highly down-regulated gene is ramS (SC06682); ramB (SC06684) is also 
present in the rank product analysis data (174th with a pfp < 0.1). All members o f the 
ram operon are displayed in Figure 4.5; however, only ramS and ramB are significantly 
differentially expressed. The ‘transition/hesitation’ phase again appears to induce a 
change in gene expression profiles with ramS and ramC decreasing at this time while 
ramA, ramB, and ramR increase. Using rank product analysis, only ramS and ramB are 
within the significant threshold with pfp < 0.1
1
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Figure 4.5. Log2 average PhoPAVT fold change o f the S. coelicolor ram gene genes (in the phoP  mutant 
with respect to the wild type, MT1110). ramS and ramB significant at all time points with pip < 0 .1 . 
ramS (orange), ramB (yellow), ramC (light blue), ramA (dark blue), and ramR (purple).
A possible explanation for the ram expression results is suggested from the work of 
Keijser et al. (2002) who found that in ramABR mutants, aerial hyphae and spore 
production was severely diminished. As ramS and ramB are both clearly down- 
regulated in the phoP  mutant perhaps PhoP plays a role in the activation o f these genes. 
Under stress and phosphate limitation, bacteria would undergo the production o f viable 
spores in case o f a total exhaustion in nutrients, so the PhoPR system, as an initial 
phosphate sensor, could be a plausible activator o f the ram operon.
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4.1.5. Expression of selected ribosomal genes in the wild-type and phoP  mutant.
Data for some o f the ribosomal proteins is presented in Figure 4.6, ribosomal proteins 
rplBEFL and rpoAB (encoding RNA polymerase subunits) were found to be 
significantly differentially expressed from the transcriptomic data (see also 
section 4.5.1 and Appendix D); this indicates 38 h as an important time point in protein 
synthesis, where some ribosomal proteins decrease rapidly while others increase. O f the 
down-regulated r-protein genes two sub groups can be determined: rpsJ  (SCO4701) 
and rpsD  (SCO 1505), which remain relatively elevated after 46 h and rplB (SCO4705), 
rplE (SC04714), rplF  (SC04717) and rplL (SC04653) peak at 42, decreasing 
thereafter.
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Figure 4.6. Log2 average PhoP/WT fold change o f the 5. coelicolor significantly differentially expressed 
ribosomal genes in the phoP  mutant with respect to the wild type, M T1110. rpsJ (yellow), rpsD (red), 
rplB (green), rplE (light blue), rplF  (blue) rplK  (orange), rplA (purple) and rplL (dark blue)
The small ribosomal protein S4 is encoded by rpsD , required for correct functioning o f 
the ribosome (Singh et al., 2006), and shown to be essential for bacterial growth, along 
with all other ribosomal proteins except rpll and rpsP (Forsyth et al., 2002). A 
comparison o f the genetic organisation o f the rpsD region in E. coli and B. subtilis, 
indicates that Streptomyces is more similar to B. subtilis. The S4 protein encoded by 
rpsD  is known to repress its own synthesis (Grundy and Henkin, 1991).
It has been previously discovered that the synthesis o f all r-proteins decreases as the 
transition phase commences, in association with the intracellular ppGpp levels 
increasing (Blanco et al., 2001). In E. coli, increases in ppGpp concentration induces
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the stringent response usually in response to stress and starvation, which in turn down 
regulates the synthesis o f rRNA and r-protein promoters (Cashel and Rudd, 1987). The 
rplB gene encodes the L2 protein, which is associated in several polypeptide synthesis 
processes including peptidyl transferase activity and the binding o f aminoacyl-tRNA 
(Mikulik et al., 2001). The L10 and L7/L12 proteins encoded by rplJ and rplL 
respectively are transcribed from two independent promoters and are clustered along 
with rplKA, rplJ and rplL.
In addition to the ribosomal genes the combined metabolic flux analysis (A. Kierzek, 
personal communication) (see Section 4.1.10.) indicated that some o f the ATP synthase 
genes were significantly over expressed (atpFG  and L). However, when plotted across 
all the time points (Figure 4.7.), a common pattern in expression profiles can be 
observed which occurs with all the ATP synthase subunits; initially at 31 h quite a high 
initial fold-change followed by a rapid dip at 38 h and a peak at 42 h. Although this 
could be due to variations across the microarray slides and perhaps specific 
oligonucleotide probes used, this is unlikely because this profile is common in all the 
atp genes, and three o f them (atpF  (SC05369), atpG  (SC05372), and atpl (SC05366)) 
were confirmed as statistically significant with a pfp <0.1 .
Figure 4.7. Log2 average PhoP/WT fold change of the S. coelicolor significantly differentially expressed 
atp genes in the phoP  mutant with respect to the wild type, MT1110. atp A (SC05371) (red), atpB 
(SC05367) (pink), atpC  (SC05374) (blue), atpD  (SC05373) (green), atpF  (SC05369) (orange), atpG 
(SC05372) (light green), atpH  (SCO5370) (light blue) and atpl (SC05366) (grey)
Tim e (h)
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4.1.6. Expression of act genes in the wild-type and phoP  mutant
In the phoP  mutant an overproduction o f actinorhodin was noticed in comparison to the 
production o f the wild type strain. This finding was confirmed by the metabolic flux 
analysis where data on the major metabolites tested (actinorhodin, undecylprodigiosin, 
glucose, ammonium and phosphate) was considered in the metabolic model and 
analysed against the initial raw transcriptomic data; this analysis found that actVA\ 
(SCO5076), actVAl (SCO5077), and actVAS (SC05080), along with acr/-ORF3 
(SCO5089) were up-regulated. Figure 4.8 illustrates some o f the known act cluster 
genes. There is a peak o f expression at 42 h in Figure 4.8A, followed by a substantial 
reduction around 46 h. Induction o f actinorhodin production begins at 42 h, suggesting 
that once transcription is induced synthesis o f actinorhodin continues regardless o f a 
subsequent reduction in gene transcription.
Figure 4.8. Log2 average PhoP/WT fold change o f the S. coelicolor act genes in the phoP  mutant with 
respect to the wild type, M T1110. (A) actVA \ (SCO5076) (purple), actVA2 (SCO5077) (blue), actVAh 
(SCO5078) (orange), actVA5 (SC05080) (green), actVA6 (SCO5081) (red). (B) actll-1 (SCO5082) (red), 
act/I-2 (SCO5083) (green), actll-3 (SCO5084) (blue), actll-4 (SCO5085) (orange).
4.1.7. Substantial induction of a gene cluster encoding a novel two-component 
system and protease in the phoP  mutant of S. coelicolor.
The massive induction o f the novel two component system (encoded by SC04155 and 
SC04156) and the protease (SC04157) is consistent across all transcriptomic data. As 
can be seen from Figure 4.9, the most significantly up-regulated gene across all the 
time points is SC04157, corresponding to a homologue o f DegP/HtrA in E. coli and B. 
subtilis. SC04157 is predicted to encode a small protease, located after a two 
component regulatory system SC04155 (sensor kinase) and SC04156 (response
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regulator). Considering the up-regulation and co-expression o f all three genes, they are 
likely to be contained within an operon; however, the intergenic gap between the two 
component system and the protease genes is 85 bp, quite large for all three genes to be 
contained within a single transcript. Figure 4.9 shows the fold changes o f expression of 
genes in the S C 0 4 155-4157 region, including glnR (SC04159). This region o f the 
chromosome appears to be rich in phosphate metabolism related genes: SC04139- 
SC04142 contains the p st operon while SC04145 encodes ppk.
35 45 55 65 75 85
Tim e (h)
6
1 5
CLO
-C 4
Q.
0) 3O)c
OSsz 2
o
-o 1o
LL
0
-1
Figure 4.9. Log2 average PhoP/WT fold change o f a significantly over-expressed cluster o f S. coelicolor 
in the phoP mutant with respect to the wild type, M T1110. SCO4150 (green), SC04155 (light blue), 
SC04156 (blue), SC04157 (purple), SC04158 (red) and glnR (SC04159) (orange).
4.1.8. Expression of genes linked with nitrogen metabolism
It is interesting to find that several genes involved in nitrogen metabolism are up- 
regulated in the phoP  mutant, including regulatory genes. For example, glnR 
(SC04159) follows an expression profile comparable to that o f S C 0 4 155-4157, with a 
peak at 38 h (Figure 4.9; see also Figure 4.10). This suggests that there might be a 
genetic regulatory link between phosphate and nitrogen metabolism in S. coelicolor. 
Expression profiles o f other nitrogen metabolism/regulatory genes are shown in Figure 
4.10. Interestingly glnA (SC02198) is in the up-regulated differentially expressed gene 
list o f the phoP  mutant, significantly higher than in either the wild-type or the ppk  
mutant. GlnA is a glutamine synthetase (GSI) belonging to a group o f enzymes 
involved in nitrogen metabolism. The glnA gene is positively regulated by glnR. 
depending on nitrogen levels present in the bacterial cell (Fink et al., 1999); the 
enzymatic activity o f GSI is also controlled post-translationally via adenylylation in
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response to sudden changes in nitrogen levels, therefore acting as a negative feedback 
mechanism (Wray et al., 1991; Hesketh et al., 2002)
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Figure 4.10. Log2 average PhoP/WT fold change o f the S. coelicolor significantly differentially 
expressed gin genes in the phoP  mutant with respect to the wild type, M T1110. Gin A (SC02198) (dark 
blue), glnR/I (SC02213) (light blue), glnD  (SC05585) (green), glnK  (SC05584) (red), glnE  (SC02234) 
(orange) and glnR (SC04159) (purple).
Figure 4.10 illustrates the differential expression o f all the gin  genes; however, only 
glnA and glnRII pass the statistical significance threshold. As shown both o f these 
genes have a peak o f induction at 42 h; glnR and glnD  show a slight peak 4 h 
previously at 38 h after which expression differences between the wild-type and mutant 
decrease. Fink et al., (2002) showed that glnRII interacts with glnA (in addition to 
amtB). The presence o f the significantly up-regulated glnA gene suggests either a link 
between nitrogen metabolism and phosphate limitation, or a more specific interaction 
involving PhoP.
4.1.9. A general survey of the metabolic pathways influenced by phoP  mutation
The significant genes (pfp < 0.1) generated from the rank product analysis were 
imported into a pathway search tool on the KEGG database 
(http://www.genome.jp/kegg/tool/searchj5athway.html), which assigns a putative 
function for all those genes associated with a known pathway or function. The results 
are presented as a percentage o f total significant genes (either up- or down-regulated)
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(Figure 4.11.). Since the current metabolic pathways are incomplete, not all genes could 
be assigned a function, and the list is not exhaustive. For Figure 4.11, the total number 
o f significant genes for up and down-regulated was 71 and 34 respectively.
Xenobiotics Biodegradation and Metabolism 
Translation 
Signal Transduction 
Nucleotide Metabolism 
M etabolism of Cofactors and Vitamins 
Lipid Metabolism 
Glycan Biosynthesis and M etabolism 
Energy Metabolism 
Carbohydrate M etabolism 
Biosynthesis of Secondary M etabolites 
Biosynthesis of Polyketides and Nonribosomal Peptides 
Amino Acid Metabolism 
ABC Transport
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Figure 4.11. Bar chart showing the distribution o f genes corresponding to metabolic pathways. The chart 
was generated from the genes lists obtained from comparing S. coelicolor wild-type versus phoP  mutant, 
(classified as significantly differentially expressed with a pfp < 0.01). Red bars indicate the genes up- 
regulated (71) in the phoP  mutant relative to the wild type, while the green bars represent those down- 
regulated (34) in the phoP  mutant relative to wild-type.
The analysis indicates that genes involved in amino acid and carbohydrate metabolism 
are relatively up-regulated in the phoP mutant, as are several other classes o f pathway, 
although to a lesser extent. Conversely, a number o f genes involved in lipid metabolism 
and glycan biosynthesis/metabolism are down-regulated in the phoP  mutant.
4.1.10. Differentially expressed genes: comparison of different time points between 
wild-type and phoP  mutant.
The results o f the rank product analysis o f the array data described above were based on 
comparison o f data from the same time points o f wild-type and phoP mutant (e.g. 38 h 
wild-type versus 38 h mutant). However, this does not take account o f the fact that the 
growth curves o f the two strains may not follow the same kinetics. In fact, it is difficult 
to achieve direct matching o f growth stage between different strains. A recent study by
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A. M. Kierzek (personal communication) has highlighted this issue in relation to the 
array data described in this thesis. Kierzek conducted metabolic flux balance analysis of 
the S. coelicolor genome scale reaction network in the context o f the transcriptome data 
generated in this study. This work is still ongoing and a description o f it is presently 
beyond the scope o f this thesis. However, one finding from the metabolic flux analysis 
o f particular relevance to the present study was the prediction that the major differences 
in metabolism between the wild-type and phoP  mutant were detected by comparing the 
38 h time point o f the phoP  mutant (replicate A) with the 46 h time point o f the wild- 
type (replicate B). It can be seen from the respective growth curves o f the two strains 
(Figure 4.12) that these two time points correspond to the respective 
‘hesitation’/transition phases o f the two strains. It is therefore considered more relevant 
to assess differential expression between physiologically equivalent time points such as 
the 38 h (phoP) and 46 h (wild-type), rather than time points which correspond 
chronologically. Thus, additional rank product analyses were also conducted between 
the respective time points identified in A. M. Kierzek’s analysis. While many o f the 
significant differentially expressed genes are common between this analysis and the 
earlier conventional analysis, there were additional genes identified (see above and 
Appendix D).
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Figure 4.12. Comparison of the dry weight o f S. coelicolor MT1110 replicate A (blue) and phoPr.Qaac 
replicate B, both in g/1, generated from the batch cultivation in 2 mM phosphate.
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4.1.11. Differentially expressed genes in phoP  mutant in the context of genome 
location.
To assess whether gene expression in certain regions o f the chromosome was sensitive 
to phosphate depletion, or general nutritional stress, the significantly differentially 
expressed genes from the rank product analysis (Appendix B), were imported into 
GeneSpring to assess their physical location in the genome. As illustrated in 
Figure 4.13, the genes are relatively evenly spaced across the whole o f the 
chromosome, although in the over expressed genes (in phoP  relative to wild-type) there 
is a very slight gap in the centre o f the chromosome. This corresponds to the core 
section o f the chromosome, which contains many essential genes encoding gene 
products for DNA replication, cell division, transcription and translation (Bentley et al., 
2002). The ‘core’ region is roughly half the length o f the chromosome, not just the ca. 
500 kb gap found from the up-regulated genes. The down-regulated genes seem to be 
relatively uniformly distributed along the genome. It is concluded that there isn’t a 
particular region o f the genome which responds to the stress induced by phosphate 
starvation, arising from disruption o f phoP.
DOWN Chh
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Figure 4.13. Chromosomal location o f the significantly up- and down-regulated genes identified from 
the rank product analyses (Appendix A and D). Key: UP, genes up-regulated in the phoP  mutant relative 
to wild-type; DOWN, genes down-regulated in the phoP  mutant relative to wild-type.
Chapter 4: S. coelicolor M T1110, phoP::Qaac and ppk::f2hyg 105
4.1.12. Independent validation of selected genes identified as differentially 
expressed in the phoP  mutant.
It is customary to confirm microarray data by using other RNA quantification methods 
on selected genes; this helps to rule out any systematic errors that might occur in 
extracting the array data from the arrays. Therefore, some o f the differentially 
expressed genes identified above were chosen for validation by either QRT-PCR or 
northern analysis. These experiments were conducted in conjunction with Dr N. 
Allenby o f this laboratory. Firstly the quality and quantity o f the RNA used for the 
northern analysis was re-assessed by gel electrophoresis (Figure 4.14); this RNA had 
originally been assessed using the Agilent Bioanaylzer system, but since it had been 
stored for an extended period at -80°C it was re-checked under northern analysis gel 
conditions.
M T i l  10 plior
Figure 4.14. Example ethidium bromide-stained agarose gel of the RNA used for northern analysis; three 
time points from each strain were used (38, 42 and 46 h). The major staining bands represent 23S rRNA 
(upper) and 16S rRNA (lower).
The northern analysis independently confirmed the differential expression o f the 
following genes: phoP, SC04157 and SC01565. phoP  served as a negative control, 
since it is disrupted in the phoP  mutant. One additional gene, pstS  was also analysed in 
light o f the original transcriptomic findings; pstC  was found to be down-regulated in 
the phoP  mutant. As this is the second gene in the operon and recent studies found that
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the expression profile o f genes should be highest with the first gene of the operon 
(Laing et al., 2006). Other studies also found down-regulation o f pstS  in a phoP  mutant 
(Allenby et al., 2004; Martin, 2004).
The northern blot shown in Figure 4.15, illustrates the production o f the pstS  transcript 
in the wild type, whereas in the phoP  mutant there is no detectable signal, consistent 
with the transcriptional data found with pstC. As displayed in the wild-type, a peak o f 
activation occurs at 42 h continuing into 46 h, at 38 h the expression level is not 
sufficient to be detected on the gel. In the phoP  mutant, there is insufficient 
transcription across any o f the time points. In the transcriptomic data, a slight peak can 
be seen at 38 h; however this peak is to the same level as in the M T1110 at 38 h, 
therefore the level is too low to be detected on the gel
M T 111 0  phoP  M T 1 1 1 0  phoP
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Figure 4.15. Northern blot against the pstS  (SC04142) using RNA from both the wild type, MT1110 and 
the phoP  mutant across three time points (38, 42 and 46 h). Two different exposures are shown of the 
same blot, underneath is the GeneSpring profile generated from the transcriptomic data.
No
rm
al
ize
d 
In
te
ns
ity
 
(lo
g 
sc
al
e)
Chapter 4: S. coelicolor M T1110,phoP::f2aac and ppkr.Qhyg 107
Northern blot analysis was also conducted on the phoP  gene. As illustrated by 
Figure 4.16, there is no detection o f phoP  transcript in the phoP  mutant, consistent with 
the transcriptomic data. In the wild type, induction of the phoP  begins at 42 h and 
begins to decrease after 46 h, coincident with the decreasing culture medium phosphate 
levels shown in Figure 3.9; very low levels of phosphate were present at 36 h with no 
detectable phosphate by 42 h, coinciding exactly with the activation of phoP  
transcription.
M T 1 1 1 0  phoP  M T 1 1 1 0  phoP
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Figure 4.16. Northern blot against the phoP (SCO4230) genes using RNA from both the wild type 
MT1110 and the phoP  mutant across three time points (38, 42 and 46 h). Two different exposures are 
shown o f the same blot; underneath is the expression profile generated from the transcriptomic data.
The two other genes were chosen for validation because the transcriptomic data 
indicated a large change between the phoP  and wild-type strains. As shown in Figures 
4.17 and 4.18, the microarray data are confirmed indicating it was not due to some 
artefact o f the microarray experiments. Figure 4.17, represents SCO 1565, a putative 
glycerophosphoryl diester phosphodiesterase, which is undetectable in the phoP  
mutant. In the wild-type induction o f SC01565 occurs at 42 h, continuing through to 
46 h though greatly reduced, consistent with a PhoP-dependent induction, indicating the 
gene could be a direct PhoP target.
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MT 1110 DhoP
Figure 4.17. Northern blot of 
SC01565 gene using RNA 
from both the wild type 
MT1110 and the phoP mutant 
across three time points (38, 42 
and 46 h). Underneath is the 
expression profile generated 
from the transcriptomic data.
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Figure 4.18. Northern blot 
against the SC04157 gene in 
RNA from both the wild type 
M T1110 and the phoP mutant 
across three time points (38, 42 
and 46 h). Underneath is the 
expression profile generated 
from the transcriptomic data.
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The putative protease, 
SC04157, a DegP/HtrA homologue is massively overproduced in the phoP  mutant
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compared with the wild type, where no expression is detectable (Figure 4.18.). 
Expression o f SC04157 in the phoP  mutant occurs across all three time points, with a 
peak o f greater intensity at 42 h, decreasing slightly at 46 h. The fact no expression 
occurs in the wild type and only in the phoP  mutant, suggests that SC04157 might be 
directly repressed by PhoP. Alternatively its induction could represent a compensatory 
response to phosphate starvation caused by phoP  inactivation.
4.1.13. Generation of SC 04156 and SC 04157 null mutants
An undergraduate student (S. Forrest, personal communication) undertook a final year 
project in this laboratory based upon the transcriptomic data from the S. coelicolor 
phoP  mutant study. Forrest generated disruption mutations in the htrA/degP homologue 
(SC04157) and the sensor kinase (SC04156); single mutations were generated in the 
wild-type MT11110. The generation o f double knockouts using the original 
phoP rQ aac  mutant as host was attempted but was unsuccessful. Although this 
experiment needs to be repeated, it is possible that such double mutants would not be 
viable.
The SC04157 and SC04156 mutants were grown alongside the M T1110 parental 
strain in liquid R2YE medium under both phosphate limited and replete conditions; due 
to time constraints only single samples were studied. As illustrated in Figure 4.19, the 
SC04157 (DegP/HtrA) mutant under conditions o f phosphate limitation hyperproduces 
undecylprodigiosin compared with the wild type and the sensor kinase mutant 
(SC04156). This increased synthesis was only seen in phosphate limited culture, with a 
slight increase under phosphate replete conditions, indicating a link with either low 
phosphate conditions or a general stress mechanism. These phenotypic studies need to 
be reproduced.
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Figure 4.19. Growth o f the SC04157 and SC04156 mutants in 5. coelicolor. Cultures were inoculated 
with 50 fj.1 spore suspension and grown in liquid R2YE under phosphate replete and limited conditions 
(see Materials and Methods); antibiotic production was assessed following 36 h incubation.
The dry weight o f the cultures was measured. Interestingly the biomass o f the 
SC04157 mutant decreased over time (data not shown, S. Forrest, personal 
communication), suggesting that this gene might be essential in the latter growth stages. 
In comparison the wild type and sensor kinase mutants exhibited the more usual cycle 
o f biomass increasing over time. All o f these studies need to be repeated to confirm 
findings and the mutants need further verification by PCR and Southern blot analysis to 
confirm the position o f the antibiotic cassettes in the chromosome. As an initial 
verification step, the mutants were shown to have the correct antibiotic resistance 
profiles (S. Forrest, personal communication).
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4.2. Transcriptomic analysis of S. coelicolor M T1110 and the ppk mutant.
For an initial overview o f the expression profile across all the time points and between 
the strains, gene trees were generated from the significantly expressed gene lists 
(pfp <0 .1) generated from the rank product analysis. Figure 4.20 illustrates the 
difference between the two strains, on the left are the over expressed genes with respect 
to the wild type, and on the right those repressed in the ppk  mutant.
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Figure 4.20. Gene tree diagrams from the significantly expressed rank product data (pfp <0.1) for the up 
(left) and down (right) regulated genes in the ppk  mutant, relative to the wild type. The gene tree was 
generated in GeneSpring using a Pearson correlation, an average linkage clustering algorithm on 
averaged data from both replicates. Colour coding (middle) refers to mean expression ratio cDNA vs 
gDNA. (Additional data in Appendix B)
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The gene tree between the wild type M T1110 and the p pk  mutant (Figure 4.20) shows 
differences between gene expression profiles over time. The gene tree on the left shows 
the significant up-regulated genes (560) with respect to the wild type and the tree on the 
right illustrates those down-regulated (675) in the mutant.
4.2.1. Rank product analysis of the ppk  mutant with respect to the wild type.
To investigate further, the genes that are either up- or down-regulated due ppk  
inactivation, the top 20 ranking genes across all the time points were tabulated (Tables
4.3 and 4.4). Upon inspection o f the up-regulated genes, no particular cellular process 
could be identified using just the top ranking genes, perhaps due to the nature o f the 
mutation. Table 4.3 refers to the top ranking genes across all six time points, however 
this may not be the best indicator o f pathways perturbed within a ppk  mutation. 
Numerous enzymes and proteins are contained in the list, including lipB which encodes 
for a lipoate protein ligase, a protein inferred to have high similarity to an acyl-coA 
dehydrogenase; the latter is normally associated with an FAD oxidation step in the 
P-oxidation o f  fatty acids (Heinzelmann et al., 2005), whereby a double bond is 
introduced into position Atrans2 and FAD becomes reduced to FADH2. LipB was 
shown to be involved in the introduction o f Ac/53 double bonds in acyl residues o f 
friulimicin, which could possibly affect the membrane fluidity o f the cell (Heinzelmann 
et al., 2005). Mutational studies o f lipB in S. lividans, found that a variety o f fatty acids 
were produced that differed from those found in the parental strains (Heinzelmann et 
al., 2005). In B. subtilis, the differential regulation o f this enzyme was found to be 
dependent on medium composition (Eggert et al., 2001).
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Table 4.3. Top 20 ranked genes up-regulated in the ppk  mutant (with respect to the wild type) across all 
six time points. Fold change is using the log2 scale on averaged data, with probability of false prediction 
(Pfp)-
Rank SCO No. Function Log2 average Fold Change
pfp
value
1 SC04491 probable octaprenyltransferase 3.39 0.00
2 SCO5043 probable hydrolase (putative membrane protein) 4.51 0.00
3 SCO7058 possible integral membrane protein 2.86 0.00
4 SCO6890 possible secreted protein 2.81 0.00
5 SC04421 possible tetR-family transcriptional regulator 2.82 0.00
6 SC03235 probable ABC transporter 2.69 0.00
7 SCO6290 hypothetical protein 2.42 0.00
8 SCO0241 putative transcriptional regulator 2.38 0.00
9 SC02193 lipB, probable lipoate-protein ligase 2.80 0.00
10 SC06436 probable tRNA synthetases 2.33 0.00
11 SCO4803 conserved hypothetical protein 2.36 0.00
12 SC02215 possible two-component system sensor kinase 2.23 0.00
13 SC02857 possible membrane protein 2.17 0.00
14 SCO4605 nuoK2, NADH dehydrogenase subunit 2.06 0.00
15 SC04200 possible membrane protein 2.24 0.00
16 SCO5870 probable ABC-transporter ATP binding protein 2.07 0.00
17 SC04623 hypothetical protein 1.95 0.00
18 SC03941 probable serine/threonine protein kinase 4.79 0.00
19 SC02874 possible oxidoreductase 1.93 0.00
20 SCO1505 rpsD, 30S ribosomal protein S4 1.65 0.00
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Similarly the top hits o f the down-regulated gene list did not reveal pathways directly 
linked the inactivation o f the polyphosphate kinase. Multiple hypothetical proteins were 
down-regulated but with no known functions, and no obvious gene clusters were 
observed.
Table 4.4. Top 20 ranks down-regulated in the ppk mutant (with respect to the wild type) across all six 
time points. Fold change is using the log2 scale on averaged data, with probability of false prediction 
(pfp)-
Rank SCO No. Function
Fold
Change
pfp
value
1 SCO4504 possible methyltransferase -3.94 0.00
2 S C 01685 possible integral membrane protein -3.49 0.00
3 SCO7608 hypothetical protein -2.44 0.00
4 SC04384 possible enoyl CoA hydratase -2.76 0.00
5 SCO4036 hypothetical protein -2.46 0.00
6 SC04867 possible membrane protein -2.61 0.00
7 SC04689 hypothetical protein -2.49 0.00
8 SC00067 probable integral membrane permease -2.24 0.00
9 SCO7085 doubtful CDS -2.31 0.00
10 SC04388 probable citrate synthase -2.56 0.00
11 SC02588 possible integral membrane protein -2.16 0.00
12 SC02562 lepA; GTP-binding protein -2.23 0.00
13 SC04816 hypothetical protein (fragment) -1.80 0.00
14 SCO2203 hypothetical protein -2.04 0.00
15 SC04864 possible ECF sigma factor -2.09 0.00
16 SC04221 hypothetical protein -2.08 0.00
17 SC04847 possible D-alanyl-D-alanine carboxypeptidase -2.15 0.00
18 SCO0249 possible monooxygenase -2.04 0.00
19 SCO4520 hypothetical protein -2.69 0.00
20 SC05179 Peptidase -1.99 0,00
Chapter 4: S. coelicolor M T1110, phoPr.Qaac and ppk::Qhyg 115
4.2.2. QT clustering of the ppk  mutant and wild type
To assess gene expression profiles across the time course, QT clustering was performed 
in GeneSpring using the significant gene lists generated from the rank product analysis 
(see Chapter 2.11.7). The following clusters refer to the significant genes generated for 
up-regulated (Figure 4.21) or down-regulated (Figure 4.22) genes in the ppk  mutant 
with respect to the wild type, M T1110, with pfp < 0.1. The QT clustering was used as a 
helpful tool to identify which o f the significant genes clustered together, forming 
particular profiles o f expression during the time course experiment Data sets and 
specific gene profiles associated with the following QT clusters are detailed in 
Appendix C.
1 Nbrmslized Intensity 
io|  0<f9 sc3le)
l-j
Oh 
O.Ofw ir w ir w iH r i fw i^ w
MTII18 1 I ppk-
Time
Set 2: 22 genes, 22 in list
100|Nbimalized Intensity 
= (1< g scale)
fib
tj
O.H 
1.0 f .............................................................Timer i T T i l ¥ ¥ T ¥ T ¥
-Mil 118- '---------- PP1*-
Set 4:13 genes, 13 in list
Normalized Intensity 
SOfa scale)10|
h
OH
O.Of 3ri 3b 5 # eb sWi-MT1110-
Set 5:11 genes. 11 in list
<fe 4 eb
■ppk-
Time
1Cl6|  Normalized Intensity 
10| Offl scale)
1l
OH 
O.Of
Time
&  k  4b eb sW i *  4i k  eb bi-MT1118- ---------- ppk-
Set 6:11 genes, 11 in list
100*l0|Nbrmalized Intensity 
• (l< g scale)tfh
h
0.H
i.0f ____________________________ Timeh. k  eb sM i 3fe h. eb rfi
-MT11W 1 I ppk 1
Set 7:11 genes. 11 in list
100|Nbrmalized Intensity 
^ t y g  scale)
fj
0.H 
0.0 V
Set 8:11 genes, 11 in list
Time
h. i  eb aW i is  h. <k eb afi
-MT1110------- ' i---------- ppk---------- 1
M l 110------- 1 ‘------ — ppk-
Set 1:29 genes, 29 in list
Nbimalized Intensity 
(l< g scale)
■PPk- 
genes, 10 in list
Unclassified: 10,267 genes, 422 in list
Figure 4.21. QT clustering o f the up-regulated genes in the ppk mutant. Clustering based on the 
significant genes with a pfp value <0.1, groupings according to a minimum cluster of 10 with a similarity 
o f 0.8. (Additional data for each data set is included in Appendix C, colour scale the same as the gene 
tree)
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In Figure 4.21, the cluster set 2 (1st row, 2nd column) has a peak o f activity at 38 h in the 
wild type; however this peak occurs slightly later at 42 h in the mutant but to a lesser 
degree (although expression is higher at this point relative to wild-type), followed by a 
drop after 46 h. Genes in this set are mainly all ribosomal proteins (rplCE, rpmAC and 
rpmG3, rpsFGOS, and rpsD), the elongation factor, fusA  (SC04661) and membrane 
proteins. The late delay o f the ppk  mutant inducing these genes, could indicate an 
internal metabolic difference, the polyphosphate levels are likely to be reduced, and 
these ribosomal genes are indicative o f the stringent response induction. Perhaps 
polyphosphate levels and the stringent response are interlinked. Another gene in this set 
is the glutamate synthase, gltB  (SCO2026) found to be regulated by the alternative 
sigma factor cth (Kormanec and Sevcikova, 2002).
Cluster 3 (1st row, 3rd column) all have elevated levels o f expression in the mutant in 
comparison to the wild type. These include genes encoding multiple membrane and 
hypothetical proteins, unknown transcriptional regulators, two oxidoreductases and 
cvnD6 (SCO6066), an ATP/GTP binding protein. Additionally set 6 (2nd row, 3rd 
column) exhibits a similar expression profile, but again contains mostly hypothetical 
and membrane proteins.
For the down-regulated genes in the mutant (Figure 4.22.), cluster 2 (1st row, 2nd 
column) has a time specific profile; at 46 h a slight dip in expression occurs, whereas in 
the wild type there is a plateau, although a few genes having a slight enhancement. This 
set contains membrane proteins plus an ABC transport system ATP binding protein 
(SC04148) and sigR (SC05216), an RNA polymerase sigma factor. This sigma factor 
has been linked with a system which forms part o f a redox homeostasis system in 
S. coelicolor (Paget et a l ,  1998). SigR has been shown to be responsible for 
maintaining resistance to oxidative stress in the wild type. Studies showed that 
mutations in sigR caused a sensitivity to the thiol oxidant diamide and redox cycling 
compounds (Paget et al., 1998). ppk  mutants have been shown to be sensitive to 
oxidative stress (Ghorbel et al., 2006a) and perhaps the down regulation o f regulatory 
genes such as sigR concerned with oxidative stress induces this sensitivity.
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Figure 4.22. QT clustering o f the down-regulated genes in the ppk mutant. Clustering based on the 
significant genes with a pfp value <0.1 , groupings according to a minimum cluster o f 10 with a similarity 
o f 0.9. (Additional data for each data set is included in Appendix C, colour scale the same as the gene 
tree).
In cluster 4 (2nd row, 2nd column) the peak occurs in the wild type at 46 h followed by 
decreased profiles until the final time point at 81 h. Genes include SCOl 171, encoding 
a putative xylose repressor, a two component system sensor kinase (SC06372) similar 
to many uhpB proteins and finally a GTP-binding protein, lepA (SC02562). In 
numerous bacteria, this protein is the first gene o f a bi-cistronic operon; it encodes a 
highly conserved protein (55-68% amino acid identity) in fact more conserved than 
other essential bacterial translation factors. Despite this conservation a null mutant in 
the E. coli, counterpart showed no specific phenotypic change across numerous growth 
conditions (Qin et al., 2006; Caldon et al., 2001). LepA has been suggested to be a third 
elongation factor alongside EF-Tu and EF-G required for efficient and accurate protein
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synthesis (Qin et al., 2006); this protein is suggested to have a unique function in 
recognising ribosomes after a defective translocation reaction, inducing a back 
translocation, therefore giving the elongation factor G a second chance to translocate 
the tRNA properly.
As previously mentioned in section 4.1.1, the phoP  mutant exhibited down regulation 
o f two type II thioesterases (SCO 1153 and SC02773), with the exception o f scoT  
(SC06287). However this gene is present in the ppk  mutant cluster set 5 (3rd row, 
1st column). Genes in this cluster are down-regulated in the ppk  mutant with respect to 
the wild-type, at 46 h a dip in expression occurs in the ppk  mutant but not in the wild 
type (where expression increases to a peak at 60 h). Also in this set are two amino acid 
transporters (SCO0938 and SC04612) and f tsH  (SC05587), a membrane bound ATP 
dependent zinc metalloprotease, associated in the proteolytic degradation o f cytosolic 
and membrane proteins. FtsH is a principal protease involved in the degradation of the 
heat shock sigma factor, a 32 (Ramanujam et al., 2006). The essentiality o f this stress- 
related protease varies between species, being essential in E. coli but not in B. subtilis. 
(Deuerling et al., 1995). Another suggested function involves regulating the levels o f 
UDP-3-0-(R-3-hydroxymyristoyl)-N-acetylglucosaminedeacetylase (the IpxC gene 
product) involved in the biosynthesis o f lipid A in E. coli (Ogura et al., 1999).
4.2.3. Expression of phosphate genes in the ppk  mutant relative to the wild-type.
In this section selected expression profiles are presented based on the rank product 
analysis (significant with pfp < 0.1 across all the time points). Figure 4.23 shows the 
effect o f the p pk  mutation on a selection o f genes associated with the pho  regulon. 
Since PhoP regulates the pho  genes, the ppk  deletion should have little effect on the 
regulon. As illustrated in Figure 4.23, the genes o f the pho regulon remain relatively 
equal in expression levels when compared with the wild-type, however at 46 h a peak 
occurs, indicating that genes o f the pho  regulon are becoming induced relative to the 
wild-type This is a well documented profile where pho  regulon genes become induced 
coincident with depletion o f phosphate from the growth medium. In Streptomyces these 
genes are greatly expressed after 46 h coinciding with the ‘hesitation’/transition phase. 
By comparing these results with the phosphate assay data (Figure 3.5), the activation of 
these phosphate sensitive genes occurs at a point when the culture becomes limited in
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phosphate. Furthermore it appears that the ppk  inactivation is inducing a greater 
response (of phoR, phoP  and pstS) relative to the wild-type, as seen in a previous study, 
the response to phosphate stress in a S. lividans ppk  mutant becomes amplified 
(Ghorbel et al., 2006a).
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Figure 4.23. Log2 average ppk/WT fold change o f the pst and pho genes in the ppk mutant with respect 
to the wild type, MT1110. Genes significant at all time points with pfp < 0.12 (excluding phoU). phoU  
(yellow), phoR (orange), phoP  (red), pstS  (light blue), pstC  (purple), pst A (dark blue) and ppk (green).
In addition the ppk  gene is down-regulated in the ppk  mutant as to be expected since the 
gene is disrupted by a resistance cassette. However the position o f the cassette within 
the gene is important and possible inactivity could be due to the cassette affecting 
transcription and subsequent microarray signals; a possible reason for the down- 
regulation of the ppk  gene in this study. Although a comparison o f all strains and 
mutants is discussed in Chapter 6.3.1, and parental strains show some level of 
expression when compared to the mutants.
The actinorhodin levels in the S. coelicolor ppk  mutant were lower than expected (see 
Chapter 3.6) in view o f a comparable study in S. lividans which showed that the mutant 
deficient in polyphosphate kinase overproduced actinorhodin (Allenby et al., 
2004;Chouayekh and Virolle, 2002). Expression profiles o f a selection o f the act cluster 
genes are displayed in Figure 4.24. Interestingly, when comparing the relative 
differences in expression o f the actinorhodin genes in the ppk  mutants, a reduction in 
relative expression occurs between 42h and 46 h in the ppk  mutant, perhaps explaining 
the lack o f actinorhodin production in the latter stages o f the cultures growth. This
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reduction in actinorhodin synthesis is the converse o f the findings in S. lividans, 
discussed in Chapter 5 and reported by Chouayekh and Virolle, (2002). However, for 
direct comparison it would be necessary to conduct fermenter-based cultivation o f S. 
lividans TK24 and the ppk  mutant derivative in the Evans phosphate limited minimal 
medium; the S. lividans studies were conducted under completely different growth 
conditions (those originally adopted by M.J. Virolle’s group
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F igure 4.24. Log2 average ppk/WT fold change o f the S. coelicolor act genes in the ppk mutant with 
respect to the wild type, M T1110. (A) actVA\ (SCO5076) (purple), actVAl (SCO5077) (blue), actVA3 
(SCO5078) (orange), actVAA (SCO5079) (green), actVAS (SC05080) (red). (B) actII-\ (SCO5082) (red), 
actII-2 (green), actII-3 (SCO5084) (blue), actll-4 (SCO5085) (orange).
4.3. Transcriptomic analysis comparison of S. coelicolor MT1110 and the phoP  
and ppk mutant derivatives
In this section the array data obtained from the wild-type and phoP  and ppk  mutants is 
compared and contrasted. The same M T1110 expression data was used for comparison 
with the respective phoP  and ppk  datasets. Firstly a major similarity between the two 
sets was with the genes related to the PhoP regulon; in both o f the mutants pstB, pstC, 
ppk, and phoP  were found to be significantly differentially expressed. Figure 4.25 
includes additional genes, since even though failing significance thresholds (pfp >0.1), 
the expression profiles follow the patterns expected o f the other genes in the regulon.
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Figure 4.25. Log2 average fold change o f the psi and pho genes in the ppk (A) and phoP  (B) mutants 
with respect to the wild type, M T1110. Genes significant at all time points with pfp < 0.12 (excluding 
phoU  and pstB in the phoP  mutant; phoU, pstB  and phoR  in the ppk  mutant). PhoU  (SC04228) (yellow), 
phoR  (SC04229) (orange), phoP  (SCO4230) (red), pstS  (SC04142) (light blue), pstC  (SC04141) 
(purple), pslA (SCO4140) (dark blue) and ppk (SC04145) (green).
When comparing the same gene set with that o f the phoP  mutant, an opposite pattern o f 
expression occurs; the ppk  mutant had a greater activation o f the pho regulon genes, 
indicating that the ppk  does have some negative regulatory influence in expression of 
the PhoP regulon. In the phoP  mutant both the phoR  and the phoP  expressions levels 
were greatly under expressed, indicative o f the correct gene being mutated. The ppk 
gene is down-regulated in both mutants; in the ppk  mutant this is to be expected as the 
gene is disrupted with a resistance cassette. However this decrease in ppk  expression in 
the phoP  mutant suggests that PhoP has a direct or indirect regulatory role in the 
activation o f ppk  expression. By contrast studies by Chouayekh and Virolle, (2002) 
suggested that PhoP has a negative role in S. lividans, where the presence o f the PhoP 
maintains the inactivation o f the polyphosphate kinase in times o f phosphate limitation. 
If this is indeed proved correct it suggests the reverse reaction is the favoured direction 
in the enzymatic reaction, whereby the polyphosphate kinase acts as a dinucleotide 
phosphatase (Chapter 1.2.5). In E. coli the polyphosphate kinase joins inorganic 
phosphate into long chains of polyphosphate; if ppk  is inactivated until times o f 
phosphate limitation, then this cannot be the preferred pathway in the bacterial cell, as 
it prevents reservoirs o f phosphate to be stored during times o f phosphate abundance.
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As the phosphate becomes limited, actinorhodin production is induced, along with the 
phoRP  two component system and pstSCAB. Figure 4.25b illustrates the effect o f 
deleting phoP, the response regulator in the two component system; both phoP  and 
phoR  are down-regulated alongside the ppk  and the entire pstSCAB  operon. Therefore it 
can be concluded from the removal o f phoP, that phoR, pp k  and the pstSCAB  operon 
are positively regulated by the PhoP.
The ramS gene is down-regulated in both the phoP  and the p p k  mutant, the expression 
profile in both is very similar with a pfp <0.001, indicating this result is highly 
significant. If  this gene is affected in both mutants, does this mean it is in response to 
phosphate limitation or perhaps ppk  induction or polyphosphate levels? It was 
previously shown that an interruption in the phoP  gene decreases the expression o f ppk  
to a level seen in the ppk  mutant, suggesting the effect on ramS  might be attributable to 
the level o f p p k  expression. Nutritional limitation could be a factor, but as was shown in 
Chapter 3, glucose and ammonium levels were not limiting factors only levels o f 
phosphate. Perhaps it could be due to a phosphate limitation, however as illustrated in 
Figures 3.9a and 3.10, the p pk  mutant is slightly delayed in phosphate limitation, so the 
expression profiles o f ramS would be expected to reflect this. The ram operon in S. 
coelicolor is associated with differentiation and the production o f aerial hyphae (Keijser 
et al., 2002; Kodani et al., 2004); this process has been studied in solid agar and static 
liquid cultures but not in shaking liquid cultures (van Keulen et al., 2003). Could this 
be an explanation o f the down regulation o f the ramS gene, where the function is 
unnecessary in liquid cultures such as those in the fermenter? However, the ramS is 
down-regulated with respect to the wild-type, in both the phoP  and ppk  mutants. The 
wild-type was also grown in liquid culture, in exactly the same media and conditions as 
the mutants. Therefore, liquid cultivation can not be the contributing factor. 
Additionally when comparing this data with the S. lividans agar plate study (see 
Chapter 5), ramS  expression was constant between 31 h and 38 h, after which a rapid 
decline in expression occured, indicating that once the aerial hyphae had crossed the air 
water interface, this protein was no longer required and expression levels were 
repressed.
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When comparing the expression profile o f the act genes in the pp k  mutant (Figure 4.25) 
to that o f the phoP  mutant (Figure 4.10), a marked difference can be seen. The phoP  
mutant overproduces actinorhodin, with a peak at 42 h, a dip at 46 h but then a plateau 
o f consistently high expression from 60 h onwards. With the pp k  mutant, a steady 
reduction o f expression occurs from 31 h until 46 h after which there is a slight 
recovery and increase in expression. Even so the expression level is far more reduced 
than the phoP  mutant. These results are consistent with the antibiotic assay results 
which demonstrated that in comparison with the wild-type, under the same growth 
conditions and media, the p pk  mutant under produces actinorhodin and the phoP  mutant 
overproduces.
Independent validation o f selected genes identified from the transcriptomic analysis 
provides confidence in the differentially expressed gene lists produced in this study. 
PhoP has, not surprisingly been shown to have a regulatory role in controlling the pho  
regulon genes. O f interest is the finding that mutation o f phoP  influences a large 
number o f other genes, including those involved in nitrogen metabolism. In addition a 
new two component system and associated protease has been highlighted from the 
phoP  mutant analysis, possibly repressed by the protein or activated as a secondary 
system for coping with phosphate starvation when the original system is non­
functional. The polyphosphate kinase seems to have a less straight forward pathway o f 
regulation. The inactivation o f the enzyme, causes changes in a variety o f pathways and 
interestingly the repression o f actinorhodin production is confirmed by the microarray 
data.
Further work needs to be conducted on these mutants, selecting some o f the more 
interesting differentially expressed genes for follow up mutational studies. The 
transcriptional analysis itself could be made more statistically significant with at least 
one additional biological replicate and a detailed comparison to array data from cultures 
grown under phosphate replete conditions.
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Results 
Chapter 5: Transcriptomic analysis of Streptomyces lividans TK24, 
phoPr.Qaac and ppk::i2hvg mutants cultivated on complex media.
Insertion mutants o f phoP  and ppk  from the parental strain S. lividans TK24, were 
obtained from M. J. Virolle; these were generated using the disruption constructs that 
were used in generating the respective S. coelicolor mutants (Chapter 3). Cultures o f 
phoP, p pk  and the parental strain were grown on cellophane-coated solid medium under 
both phosphate replete and phosphate-limited conditions in triplicate (see Chapter 
2.6.2). Samples were removed at five different growth stages for transcriptional 
analysis. The conditions employed for this study were selected to be those previously 
used by the Virolle group so that the results could be correlated with their previous 
published findings. This contrasted with the experimental design o f the S. coelicolor 
study described earlier; the latter was conducted under more defined and controlled 
conditions, to provide a starting point for a detailed systems level analysis o f phosphate 
regulation.
5.1 Growth curves of S. lividans TK24, and the derivative ppk  and phoP  mutants.
Streptomyces lividans mycelium was grown on R2YE solid medium (either replete or 
limited for phosphate) and at 26, 36, 46, 56 and 80 h mycelium was harvested for RNA 
extraction, and stored at -80°C (see Chapter 2.6.2 and 2.10). Simultaneously mycelium 
for the growth curves was harvested from phosphate replete R2YE plates and dry 
weights were measured from duplicate plates (triplicate in the third replicate).
As illustrated by Figure 5.1, during the early stages o f growth all three strains grew in a 
similar manner. As time progressed the phoP  mutant showed anomalies in its 
phenotype, and growth was considerably slower when compared to the other two 
strains. In addition a premature production o f undecylprodigiosin occurred especially in 
the phosphate limited cultures. The phoP  mutant seemed to have the greatest difference 
in growth; during the harvesting o f mycelial samples for RNA extractions the phoP  
mutant seemed far more resilient on the plate, with the top layer being removed quite 
effortlessly but the lower layers needing additional pressure for the complete removal of 
all the mycelium. In the parental strain and p pk  mutant no such separation o f culture
Chapter 5: Streptomyces lividans TK24, phoP rQ aac  and ppkr.Qhyg 125
layers existed; one brief ‘scrape’ sufficed to remove all the mycelium from the 
cellophane disc.
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Figure 5.1. Growth curves o f S. lividans grown on phosphate replete R2YE agar plates. TK24 parental 
strain (blue), phoPr.Qaac (red) and ppk::f2hyg (orange).
The phoP  mutant was the first to reach the ‘transition’ (or ‘hesitation’) phase, 46 h 
compared with 48 h and 50 h for the parental strain and ppk  mutant, respectively. This 
phase coincided with a decrease or slowing o f biomass accumulation, and the onset of 
production o f aerial hyphae. The parental strain, TK24 and the ppk  mutant grew 
similarly, except that the ppk  mutant exhibited a precocious production o f 
undecylprodigiosin and actinorhodin, and the biomass o f the parental strain was slightly 
elevated when compared with the ppk  mutant.
The S. lividans study was undertaken to provide an initial insight into the PhoRP system 
and activities o f the polyphosphate kinase. The parallel study on S. coelicolor was 
performed on in-house-generated mutants and exploited fermenter-based cultivation in 
defined minimal media, allowing for more consistent data to be obtained, as well as 
metabolite analysis; this was not conducted in the S. lividans study (see Chapter 3). The 
agar plate-based study for the S. lividans work generated sufficient growth and
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transcriptomic data, but each plate in effect became an individual microcosm. Growth 
can be dependent on the spreading o f the mycelium, the positioning o f the complex 
media in the autoclave, or variations between the nutritional compositions o f each plate. 
Collectively the variability increases when combining the triplicate data sets for the 
transcriptomic studies.
Fermenter studies in the parallel S. coelicolor study allowed for additional data to be 
collected; metabolites such as glucose and ammonium could be taken, along with 
phosphate to indicate when, and indeed if, the culture medium was exhausted of 
phosphate, therefore confirming any results generated were as a result o f the phosphate 
limitation. In the S. lividans agar plate-based studies these metabolites were not 
measured. Thus, even though the inoculated agar plates were initially phosphate replete 
or limited, over time other nutritional or environmental factors (such as pH) could be 
playing a role. In this study cultures were propagated on both phosphate-limited and 
phosphate-replete plates and it was therefore expected that phosphate-specific effects 
could be identified. Fermenter studies would allow for a more regulated control of 
growth conditions, factors such as pH, impeller speed and air flow remain constant, 
whereas CO2, and O2 levels can be monitored.
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As illustrated by Figure 5.2, there are a variety o f genes up- and down-regulated with 
respect to the parental strain, TK24. Some o f the genes are not uniformly expressed for 
the whole five time points; there are peaks or troughs o f expression. The analysis 
produced fewer genes as statistically significant relative to the S. coelicolor study. 
However some interesting results are found that are either consistent with the S. 
coelicolor data or with previously published studies.
5.2.1. Rank product analysis of the down-regulated genes of the phoP  mutant with 
respect to the parental strain.
To obtain a more specific biological understanding o f the transcriptomic analysis, the 
top 20 ranked genes found from the rank product analysis, were tabulated (Tables 5.1 
and 5.2) listing the differentially expressed genes with respect to the parental strain, 
TK24 all with pfp < 0.16. A pfp <0.1 would be the ideal cut off point, however as rank 
product analysis is relatively novel, this value can be slightly increased (Breitling et al., 
2004) and all values are still below the P-value threshold < 0.05 (see Appendix B). The 
most noticeable feature o f  the S. lividans study is the ‘compression’ o f the expression 
data, with the averaged top ranked log2 fold change o f only 1.8 (with most others 
about 1).
Some o f the down-regulated genes identified in the rank product analysis, are consistent 
with those discussed previously in the literature and with the S. coelicolor study (Table 
5.1). The highest ranked gene is the pstS, and as expected the first gene in the operon is 
present and more highly expressed compared to the second gene pstC  (20th rank). The 
presence o f these two genes in the top rankings is consistent with phoP  regulating the 
p st operon.
At 7th ranking is a synthase involved in carotenoid synthesis, a pathway only 
characterised in a few organisms, including S. coelicolor. Carotenoids are produced 
under blue green light and the carotenoid biosynthesis cluster in S. coelicolor comprises 
two operons, crtEIBV  and crtYTU  (Takano et al., 2005). Carotenogenesis was found to 
be light sensitive but difficult to assess in S. coelicolor because o f the production of 
pigmented secondary metabolites (Takano et al., 2005). In Mycobacterium marinum it 
is shown that cultures are white when grown in the dark and upon exposure to light
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become yellow in colour as carotenoids are produced (Ramakrishnan et al., 1997). A 
proposed function for carotenoid biosynthesis is the protection o f the cell against 
photooxidative damage, removing the lethal effect o f radicals and singlet oxygen 
(Ramakrishnan et al., 1997). The presence o f up-regulated crt genes in the phoP  mutant 
may be linked to increased oxidative stress, resulting from the inactivation o f the phoP.
Table 5.1. Top 20 ranked genes down-regulated in the phoP  mutant (with respect to the parental strain) 
across all five time points. Fold change is using the log2 scale on averaged data, with probability of false 
prediction (pfp).
RANK SCO  No. Function Log2 average  fo ld Change
pfp
value
1 SC04142 psfS; phosphate-binding protein precursor -1.77 0.00
2 SC03624 hypothetical protein -1.71 0.00
3 SC01968 putative secreted hydrolase -1.39 0.00
4 SC00740 putative hydrolase -0.21 0.01
5 SC06546 putative secreted cellulase -0.32 0.02
6 SCO0416 probable integral membrane protein -0.43 0.02
7 SCO0185 crtE; putative geranylgeranyl pyrophosphate synthase -0.57 0.02
8 SC04145 ppk; polyphosphate kinase -0.83 0.03
9 SC02628 putative amino acid permease -0.60 0.04
10 SC05158 hypothetical protein 0.68 0.07
11 SC03812 putative gntR-family transcriptional regulator -0.17 0.09
12 SCO0288 hypothetical protein -0.63 0.11
13 SCO0196 hypothetical protein -0.57 0.14
14 SC07771 pseudogene, conserved hypothetical protein -0.30 0.15
15 SC05861 hypothetical protein -0.39 0.14
16 SC05531 putative integral membrane protein -0.82 0.13
17 SC02587 proB; glutamate 5-kinase. -0.39 0.12
18 SC06673 conserved hypothetical protein -0.52 0.13
19 SC04335 hypothetical protein -0.55 0.13
20 SC04141 PstC; phosphate ABC transport system permease protein -0.69 0.16
At 8th rank is ppk, another gene known to be influenced by PhoP, the parallel study with 
S. coelicolor (Chapter 4) showed that p pk  expression is down-regulated in a phoP  
mutant. A worrying aspect o f this data is the lack o f phoP  or phoR  in this data set. The 
previous studies using the rank product analysis (Chapter 4) showed the mutant genes 
somewhere in the top 20 rank. The down-regulation o f two members o f the pst operon
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(pstS and pstC) is consistent with phoP  being inactivated. However, the phoRP  system 
is not (phoR, rankedl74th, pfp = 0.9; phoP ranked 5588th, pfp = 0.9) (see Chapter 6.3.1. 
for individual expression profiles) Since the pfp values o f significance are so elevated, 
perhaps not all the data is consistent due to variation between the replicates. Since these 
results were unexpected a reassessment o f the structure o f the phoP  mutant should be 
considered. A Southern blotting and PCR analysis o f the phoP  region o f this S. lividans 
mutant would confirm whether the strain had the expected insertion mutation within 
phoP.
5.2.2. QT clustering of the down-regulated genes of the phoP  mutant
The QT clustering provides a diagrammatic tool for investigating different patterns of 
expression profiles, perhaps being repressed or induced at specific times across the 
growth experiment. Data sets and specific gene profiles associated with the following 
QT clusters are detailed in Appendix C. O f the genes down-regulated in the phoP  
mutant, Set 2 was the most interesting (Figure 5.3); all o f these genes are ribosomal 
proteins or translation factors (rplBER, rpsPS, rpmC  and fusA). The expression profiles 
differ slightly with the phoP  mutant, which has a reduction from the initial 26 h value, 
remaining constant from 36 h to 80 h, identical in the parental strain, followed by a peak 
o f activity after 60 h.
dnaE (SCO2064) appears in Set 10, where a peak o f gene expression occurs at 56 h in 
the mutant. DnaE-type DNA polymerases belong to a group o f C family polymerases 
responsible for chromosomal replication in prokaryotes (Bruclc et al., 2003). Its 
function depends on the bacterial species; in E. coli it acts as a key enzyme for 
chromosomal replication while in Streptococcus pyogenes the corresponding enzyme 
acts more as repair polymerase, having an efficient ability to bypass any DNA lesions 
(lacking in E. coli) (Bruck et al., 2003).
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Table 5.2. Top 20 ranked genes up-regulated in the phoP mutant (with respect to the parental strain) 
across all five time points. Fold change is using the log2 scale on averaged data, with probability of false 
prediction (pfp).
RANK SCO No. Function Log2 average  Fold Change
Pfp
value
1 SC03377 H yp o th etica l protein 0.94 0.00
2 SC04954 H yp o th etica l protein 0.57 0.00
3 SCO0277 H yp o th etica l protein 0.85 0.00
4 SC03933 pu tative  regu lato ry  protein 1.80 0.00
5 SCO1068 co n se rv ed  hypothetica l protein 0.86 0.00
6 SCO2809 pu tative  m e m b ra n e  protein 0.87 0.00
7 SC01381 co n se rv ed  hypothetica l protein 0.33 0.00
8 SC03729 pu tative  regu latory  protein 0.78 0.00
9 SC03338 pu tative  in tegra l m e m b ra n e  protein 0.60 0.00
10 SC01353 pu tative  transcrip tional regu lator 0.51 0.01
11 SC06671 co n se rv ed  hypothetica l protein 0.96 0.01
12 SC01943 pu tative  e lectron  tran spo rt protein 0.74 0.01
13 SCO5840 tran scrip tion al regu lato r 1.34 0.01
14 SCO0768 pu tative  lipoprotein 1.22 0.01
15 SC05614 pu tative  transcriptional regu lator 0.69 0.01
16 SCO5023 pu tative  se cre ted  protein 0.52 0.01
17 SC05158 H yp o th etica l protein 0.68 0.01
18 SC 01049 p u tative  se cre ted  o x ido reduc tase 0.47 0.01
19 SC05237 p u tative  o x ido reduc tase 0.42 0.01
20 SCO0261 p u tative  ac e ty ltra n s fe rase 0.30 0.02
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5.2.4. QT clustering of the up-regulated genes of the phoP  mutant
QT clustering was performed on genes passing the P-value < 0.05, although the pfp 
values for many o f the genes are higher than the optimum o f 0.1. As illustrated by 
Figure 5.4, different clusters were produced, with variations across time series, or 
expression intensities.
■ Normalized Intensity 
Cl >9 scale)
Figure 5.4. QT clustering o f the genes up-regulated in the phoP  mutant. Clustering was performed in 
GeneSpring based on the genes with a P value < 0.05 obtained from rank product analysis. Groupings 
were according to a minimum cluster o f 8 with a similarity o f 0.8. (Additional data for each data set is 
included in Appendix C, colour scale the same as the gene tree)
With the first cluster set (1st row, 1st column) an obvious peak in transcription occurs at 
36 h in the phoP  mutant. This data set contains numerous hypothetical proteins of 
unknown function. However, also included is tesB (SC02773) and pkaJ  (SC04779). 
TesB, shown to be significantly upregulated in the S. coelicolor study, encodes an 
acetyl thioesterase II, possibly involved with the editing o f irregular intermediates 
formed during polyketide biosynthesis (Butler et al., 1999). Additionally in this
-PhoP 1 '---------- TK24-
Set 1:19 genes, 19 in list
-TK24- 
3:10 genes, 10 in list
_ ...........................................................Time
26 36 46 is jJttfe & 4 & do
■ PhoP ' ' -TK24 1
Set 4:10 genes, 10 in list
- Normalized Intensity 
(I ig scale)
— PhoP---------1 1 TK24 1
Unclassified: 10,316 genes,' 0,316 in list
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grouping is pkaJ, a (eukaryotic type) serine/threonine protein kinase (ESTPK). 
Although generally considered to be involved in eukaryotic processes, some bacteria 
such as Streptomyces, Mycobacterium  and Myxococcus species encode several ESTPKs 
in addition to the more traditional histidine/aspartate protein kinases o f two-component 
systems (Ogawara et al., 1999; Petrickova and Petricek, 2003). The S. coelicolor 
genome was found to include 34 predicted ESTPKs, though most have unknown 
functions, two examples, encoded by afsK  and ramC  have known functions and are 
involved with antibiotic regulatory pathways and aerial hyphae formation, respectively 
(Petrickova and Petricek, 2003).
Set 4 (2nd row, 1st column) comprises genes that, in the phoP  mutant, exhibit a 
substantial reduction in expression at 36 h followed by an increase at 46 h and includes 
genes encoding membrane proteins, a penicillin binding protein, a transcriptional 
regulator adjacent to cvnC8 (SC06941) and sigG  (SC07341). The corresponding genes 
in the parental strain displayed relatively constant expression across the time course. In 
cluster Set 5 the genes display almost opposite expression profiles between the two 
strains. In the mutant a reduction occurs around 36 h followed by an increase at 46 h 
where the expression levels then remain high; in the parental strain on the other hand, 
there is a constant reduction until 46 h followed by a slight increase until 56 h. Set 5 
includes integral membrane proteins, ssgF  (SC07175), a putative regulator and ddlA 
(SCO5560), a D-alanine-D-alanine ligase involved in peptidoglycan biosynthesis, 
converting ATP to ADP and phosphate in the process. The latter enzyme could perhaps 
play in role in scavenging phosphate, as it is induced at latter growth stages in the 
defective phoP  mutant but not in the parental strain.
A coherent picture o f the roles o f the the up-regulated genes in the phoP  mutant is made 
more difficult by the number o f differentially expressed genes with unknown functions. 
On a positive note one o f the genes present as significant in the top ranking is one 
previously chosen for verification in the S. coelicolor study. SCO1068 is a conserved 
hypothetical protein; when the predicted protein sequence was put through a BLAST 
search, mostly hypothetical proteins were aligned. Therefore further investigations are 
required to discover the role o f this gene product.
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5.2.5. Expression of phosphate-related genes in the parental strain and phoP  
mutant
As with the S. coelicolor study, since the mutations are concerned with genes associated 
with phosphate limitation, known phosphate-scavenging genes are displayed in Figure
5.5. This is o f importance, especially since the rank product and GeneSpring (ANOVA) 
analysis did not reveal phoR  or phoP  in the down-regulated lists as would be expected. 
Figure 5.5 illustrates that the expression profile o f both members o f the phoRP two 
component system are only very slightly down-regulated when compared to the parental 
strain and are not statistically different, contrasting with the observations in 
S. coelicolor. The fact that this data does not confirm this result may need to be 
investigated further because overall the S. lividans data had several anomalies.
26 36 46 56 80 Time (h)
TK24 phoP
Figure 5.5. Averaged cDNA/gDNA expression ratios of the pst and pho genes in the phoP mutant and 
the parental strain, TK24. Only pstS, pstC  and ppk  are significant across all time points with pfp <0.16. 
phoU  (SC04228) (orange), phoR  (SC04229) (red), phoP  (SCO4230) (pink), pslB  (SC04139) (light 
blue), pstC  (SC04141) (dark purple), pstA (SCO4140) (dark blue), pstS  (SC04142) (light purple) and 
ppk (SC04145) (green).
As Figure 5.5 illustrates, only part o f the pst operon behaves as expected; pstS  and pstC  
are both significantly down-regulated (with a high statistical significance pfp < 0.15) 
whereas the remainder o f the operon pstB  and pstA are not only statistically 
insignificant but both increase in expression in the phoP  mutant to a peak at 36 h (46 h 
pstA). This is expected in the parental strain where there is no inactivation o f the phoP  
occurs but not in the phoP  mutant. Since the data is not statistically significant, there 
could be something intrinsically wrong with the data or the mutant strain. The other
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significant differentially expressed gene in Figure 5.5 is ppk, shown to be down- 
regulated across all time points and is therefore influenced in some way by PhoP, 
consistent with published data and the previous S. coelicolor data (Ghorbel et al., 2006; 
Chapter 4). As this data is consistent with previous published data from a phoP  mutant, 
it is considered that there is probably some level o f inactivation o f the phoP  gene in this 
S. lividans study.
5.2.6. Expression of act genes in the parental strain and phoP  mutant
Since there was an obvious overproduction o f actinorhodin in S. lividans, a comparative 
analysis o f the actinorhodin genes was conducted. The results presented here are only 
indicative o f the gene activation, since the threshold o f pfp < 0.1 is not passed, although 
all have a P value < 0.05.
Figure 5.6. Log2 average phoPfW T  fold change of the S. lividans ACT genes with respect to the 
parental strain, TK.24. (A) actVAl (SCO5076) (dark purple), aclVA2 (SCO5077) (blue), actVA3 
(SCO5078) (orange), actVAA (SCO5079) (green), aciVAS (SC05080) (red) and actVA6 (SCO5081) 
(light purple). (B) actllA  (SCO5082) (red), aclII-2 (SCO5083) (green), actll-3 (SCO5084) (blue), 
act 11-A (SCO5085) (orange)
As illustrated by Figure 5.6, there is a peak o f activation between 42 h and 46 h, 
therefore occurring before the ‘hesitation’ phase (Figure 5.1), the extent o f the 
phosphate limitation, was not measured and therefore it cannot be confirmed whether 
this induction o f actinorhodin genes corresponds to phosphate limitation.
- 0.8 Time (h) -2 Time (h)
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5.3. Transcriptional analysis of S. lividans TK24 and the derivative ppk mutant.
For an initial diagrammatic analysis, gene trees were generated from the significant up 
or down-regulated gene lists o f the ppk  mutant versus wild-type comparison. Due to the 
relatively lower number o f genes passing the significance threshold, for the gene trees 
the pfp threshold was increased to < 0.2 for the up-regulated genes and < 0.25 for those 
down-regulated.
TK24
26 36 46 56 80 26 36 46 56 80 h
< ► <---------------- ►
TK24 ppk
Figure 5.7. Gene tree diagrams from the significantly expressed rank product data for the up (pfp < 0.2) 
(left) and down (pfp < 0.25) (right) regulated genes in the ppk mutant relative to the parental strain. The 
gene tree was generated in GeneSpring using a Pearson correlation and average linkage clustering 
algorithm on averaged data from both replicates. Colour coding (middle) refers to mean expression ratio 
cDNA vs gDNA. (Additional data in Appendix B)
As illustrated by Figure 5.7, there are a variety o f genes up and down-regulated with 
respect to the parental strain, TK24. Some o f the genes are not uniformly expressed for 
the whole five time points with certain time points showing peaks or troughs of 
expression.
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5.3.1. Rank product analysis of the up-regulated genes of the ppk  mutant with 
respect to the parental strain.
For a more detailed insight into the effects o f polyphosphate kinase disruption under 
phosphate limitation, the top 20 ranks from rank product analysis were tabulated (Table
5.3 and Table 5.4). The tables contain differentially expressed genes o f the ppk  mutant 
when compared to the parental strain, present across all five o f the time points (26, 36, 
46, 56 and 80 h). Data is derived from the rank product analysis, all with a pfp <0.1
Table 5.3. Top 20 ranks up-regulated in the ppk mutant (with respect to the parental strain) across all 
five time points.„Fold change is using the log2 scale on averaged data, with probability o f false prediction 
(pfp).
Rank SCO No. Function Log2 average Fold Change
pfp
value
1 SC04142 psfS; phosphate-binding protein precursor 1.43 0.00
2 SC04881 putative polysaccharide biosynthesis related protein 1.53 0.00
3 SC04878 putative glycosyltransferase 1.27 0.00
4 SC04141 pstC\ phosphate ABC transport system permease protein 1.42 0.00
5 SC04228 phoU\ putative phosphate transport system regulator 1.03 0.02
6 SC07747 Conserved hypothetical protein 0.95 0.02
7 SCO0132 probable transcriptional regulator 0.82 0.04
8 SCO1550 putative small membrane protein 1.15 0.04
9 SCO2907 nagE2\ putative PTS transmembrane component 0.78 0.03
10 SCO2102 putative membrane protein 0.83 0.04
11 SC01318 putative membrane protein 0.65 0.05
12 SC06123 putative quinone binding protein 0.80 0.04
13 SC00704 putative DNA-binding protein (pseudogene) 0.37 0.04
14 SCO5089 actl ORF3\ actinorhodin polyketide synthase acyl carrier protein 0.79 0.05
15 SCO5023 putative secreted protein 0.44 0.05
16 SCO4306 hypothetical protein 0.78 0.05
17 SC03951 hypothetical protein 2.55 0.05
18 SC01927 putative aminoglycoside acetyltransferase 0.68 0.05
19 SC05768 hypothetical protein 0.74 0.05
20 SCO4902 putative secreted protein 0.69 0.05
With the interruption o f the p pk  mutant, members o f the p s t  operon appear in the 
differentially over expressed list (pstS and pstC). For the p pk  mutant you would expect 
the Pho regulon to behave as in the parental strain, since the two component system
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controlling the pst operon is present and active; however p stS  and pstC  are both over 
expressed when compared to the parental strain, present in the top four ranks, 1st and 4th 
respectively, suggesting that the ppk  disruption has an effect on some genes belonging 
to the pst operon. The p pk  interruption does not affect the phoRP  genes; although PhoP 
regulates ppk  the reverse does not occur. This explains the low position of the phoRP  
system in the rank product analysis; or because the PhoRP system should be functioning 
in both the wild-type and the ppk  mutant the difference between expression levels may 
not be large between the two strains (Figure 5.10 shows the cDNA/gDNA expression 
profiles o f both phoR  and phoP). Interestingly, although the phoRP system does not 
appear in the top 20 ranked up-regulated, phoU  is present (SC04228) appearing as the 
5th highest ranking gene. It is perceived to be a member o f  the pho  regulon, and 
transcribed divergently from the phoRP system and therefore would be expected to be 
induced alongside phoR  and phoP  in phosphate limited samples (Ghorbel et al., 2006).
A member o f  the phosphotransferase system (PTS), nagE2 (SCO2907) was up- 
regulated in the p p k  mutant. The PTS is one o f the known mechanisms for sugar uptake 
alongside multiple ABC transport systems (Parche et al., 1999), inducible by fructose 
(Titgemeyer et al., 1995). In addition to the known functions appearing in the top ranks 
o f the up-regulated genes, there is the usual array o f genes with unknown function: four 
hypothetical proteins (one o f which is conserved) and multiple genes for membrane 
proteins.
5.3.2. QT clustering of the up-regulated genes of the ppk  mutant
QT clustering o f the up-regulated genes in the ppk  mutant with respect to the parental 
strain show no obvious changes between the two strains; slight differences occur but not 
in any specific patterns (Figure 5.8). Set 5 has slightly elevated levels at 26 h, followed 
by a plateau o f  slightly highly levels than the parental strain and includes a 
methyltranseferase and a membrane protein, SC01161 and SCO 1162, respectively. Set 
2 has three very closely positioned genes, SCO5073, SCO5075 and SCO5077, encoding 
two oxidoreductases and actVA2. Interestingly another o f the actinorhodin genes was 
discovered to be induced when the gene list was increased by reducing the threshold to 
P-value < 0.05, providing some basis for the elevated titres o f actinorhodin observed.
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Figure 5.8. QT clustering o f the genes up-regulated in the ppk mutant. Clustering was performed in 
GeneSpring based on the genes with a P value < 0.05 obtained from rank product analysis. Groupings 
were according to a minimum cluster o f 7 with a similarity of 0.8. (Additional data for each data set is 
included in Appendix C, colour scale the same as the gene tree)
5.3.3. Rank product analysis of the genes down-regulated in the ppk  mutant 
relative to the parental strain.
The down-regulated genes in the ppk  data, show no particular differentially expressed 
pathways, with only a few genes o f predicted function. A large majority o f the top 
ranking genes have unknown functions, including six hypothetical proteins, four 
membrane proteins and two ABC transport proteins. As be expected in a ppk  mutant, 
the ppk  gene is down-regulated appearing in one o f the higher ranks (8th, pfp < 0.01), 
proving that there is inactivation o f the ppk  gene in the S. lividans mutant.
Set 5: 10 genes, 10 in list
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Table 5.4. Top 20 ranks o f genes down-regulated in the ppk mutant (with respect to the parental strain) 
across all five time points. Fold change is using the log2 scale on averaged data, with probability of false 
prediction (pfp).
RANK SCO No. Function Log2 average Fold Change
pfp
value
1 SC03624 hypothetical protein -0.25 0.00
2 SC00740 putative hydrolase -1.24 0.00
3 SCO6808 putative ArsR-family transcriptional regulator -0.27 0.00
4 SC04741 hypothetical protein -0.96 0.01
5 SCO0946 putative regulatory protein -0.73 0.00
6 SCO0742 putative ABC transporter ATP-binding protein -0.80 0.01
7 SC05158 hypothetical protein -0.35 0.01
8 SC04145 ppk; polyphosphate kinase -0.97 0.01
9 SC04979 putative phosphoenolpyruvate carboxykinase -1.55 0.04
10 SC04935 putative integral membrane protein -0.79 0.04
11 SCO0161 hypothetical protein -0.64 0.05
12 SC06333 putative integral membrane protein -0.49 0.05
13 SC01524 putative membrane protein -0,60 0.06
14 SCO1049 putative secreted oxidoreductase -0.29 0.06
15 SC05531 putative integral membrane protein -0.93 0.07
16 SC01144 putative ABC transporter ATP-binding protein -0.80 0.06
17 SC05356 thrB\ homoserine kinase -0.60 0.08
18 SC01322 hypothetical protein -0.62 0.08
19 SC05391 putative ATP/GTP-binding protein, doubtful CDS -0.27 0.08
20 SC07743 hypothetical protein -0.63 0.10
A relatively unknown gene, SCO 1049, encoding a secreted oxidoreductase, appears in 
the list o f down-regulated genes in the ppk  mutant (log2 fold-change, -0.29; pfp, 0.06) 
compared to the parental strain; this gene appears in the up-regulated genes o f the phoP  
mutant (0.47, pfp 0.01) compared to the parental strain, although neither set seem to be 
greatly expressed or repressed. Figure 5.9, illustrates SCO1049 expression in the 
parental strain and the two mutants. As can be seen, the parental strain had a very high 
peak o f expression at 46 h, followed by a dip at 56 h. In both the mutants this does not 
occur, with phoP  showing a slight increase in the expression profile relative to the ppk  
mutant. The data is consistent with the rank product data for the first three time points 
(26, 36 and 46 h) but not for the latter time points. The gene could be a possible PhoP
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target since in all mutants there is repression o f the ppk  gene (as PhoP is known to 
regulate ppk), so this finding cannot be solely down to the polyphosphate kinase 
mutation; this suggests a possible link to phoP  where inactivation o f phoP  causes slight 
over-expression o f SCO 1049, whereas the presence o f the phoP  (as with the ppk  
mutant) causes this gene to become repressed. Follow up validation would need to be 
performed on this gene, with all mutants and the parental strain, to determine if 
repression occurs in a ppk  mutant and induction in a phoP  mutant.
14
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Figure 5.9. Averaged cDNA/gDNA expression ratios expression o f SCO1049, in the parental strain and 
the two mutants
SC05356 encodes thrB, a homoserine kinase which is involved in the latter steps of 
threonine synthesis alongside thrC  (SC05355) (threonine synthase) and thrA/hom 
(SC05354) (homoserine dehydrogenase) (Fernandez et al., 2004). The thrB gene 
converts homoserine into homoserine phosphate which is further converted to threonine 
via the threonine synthase. thrA {horn) and thrC  are arranged in a bicistronic operon, 
while thrB is transcribes as a monocistronic transcript (Fernandez et al., 2002). Since 
they are transcribed separately it would explain why only one member o f this group is 
present in this list; alternatively, perhaps the lack o f polyphosphate kinase alters the 
internal stability o f the cell, not allowing the synthesis o f threonine (from aspartate).
5.3.4. QT clustering of the down-regulated genes of the ppk  mutant
In addition QT clusters were generated for the larger subset o f genes passing the 
significance threshold o f a P value < 0.05 (Figure 5.10). Data sets and specific gene 
profiles associated with the following QT clusters are detailed in Appendix C These
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clusters show there are some differences between the time points and across each 
individual set o f clusters. Set 3 shows a down regulation in the ppk  mutant, with a peak 
o f induction at 36 h; this set includes multiple gene functions such as membrane 
proteins, oxidoreductases, a transketolase and thrB, the latter already mentioned from 
the rank product analysis.
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Figure 5.10. QT clustering o f the down-regulated genes with respect to the ppk  mutant. Clustering was 
performed in GeneSpring based on the genes with a P value < 0.05 obtained from rank product analysis. 
Groupings were according to a minimum cluster o f 9 with a similarity o f 0.8. (Additional data for each 
data set is included in Appendix C, colour scale the same as the gene tree)
Similar profiles following the same pattern but with the induction at 56 h (as opposed to 
36 h) are found in set 6 and 7, including acdH2 (SC02774), an acyl-CoA 
dehydrogenase, moaC  (SCO3180; a molybdenum cofactor) and atrC  (SC05258), an 
ATP binding protein. Molybdenum is an important component used in a variety of 
enzymes which catalyse important redox reactions in carbon, nitrogen and sulphur 
cycles (Wuebbens et al., 2000). In E. coli, moaC  is involved alongside moaA in the first 
step o f molybdenum cofactor biosynthesis. Set 7 contains multiple hypothetical proteins 
including cvnB5 (SCO5290) and a monoxygenase.
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With cluster set 4 the mutant has a very different expression profile to the parental 
strain: less expression over the whole five time points, with a peak at 56 h during the 
latter stages o f growth The genes include murB (SC04643), a reductase involved in 
peptidoglycan biosynthesis, pcrA  (SC01643), a 20S proteoasome alpha subunit, and a 
probable RNA polymerase sigma factor (SCO3450), similar to sigR. In B. subtilis, per A 
is an essential helicase. Set 5 with a peak in the mutant at 56 h, contains another RNA 
polymerase sigma factor (SC07278) alongside hypothetical and membrane proteins and 
dnaE  (SCO2064). The latter DNA polymerase subunit plays an important role in 
replication o f the S. coelicolor chromosome (Flett et al., 1999).
5.3.5. Expression of phosphate-related genes in the parental strain and ppk  mutant
When some known members o f the pho  regulon are plotted from the ppk  mutant data 
(Figure 5.11), they display a difference from those plotted from the phoP  mutant data 
(Figure 5.5). The majority o f pho  genes are up-regulated with respect to the parental 
strain, with an induction between 26 h and 36 h, occurring just before the ‘hesitation’ 
phase around 46 h therefore possibly showing an increased link with phosphate 
exhaustion. This finding is the opposite to the phoP  mutant (Figure 5.5).
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Figure 5.11. Averaged cDNA/gDNA expression ratios of the pst and pho  genes in the ppk mutant and 
the parental strain, TK24. Only pstS, pstC  and ppk  are significant across all time points with pfp <0.16. 
phoU  (SC04228) (orange), phoR  (SC04229) (red), phoP  (SCO4230) (pink), pstB  (SC04139) (light 
blue), pstC  (SC04141) (dark purple), pst A (SCO4140) (dark blue), pstS  (SC04142) (light purple) and 
ppk (SC04145) (green).
Chapter 5: Streptomyces lividans TK24, phoPr.Qaac and ppk:: Qhyg 145
5.3.6. Expression of act genes in the parental strain and ppk  mutant
One o f the actinorhodin genes, acf/-ORF3 (SCO5089), was present in the higher ranks 
(14lh, pfp < 0.05) o f the up-regulated genes. Some o f the other actinorhodin genes are 
illustrated in Figures 5.12a and 5.12b, showing induction o f genes at varying time 
points when compared to the parental strain. Figure 5.12A, shows a series o f genes 
induced from 36 h (46 h for actVA3) to a peak at 56 h, coinciding with the time points 
where synthesis o f actinorhodin was noted. The other act genes show a slightly delayed 
induction at 46 h, but still within the actinorhodin synthesis time scale. When the 
profiles are compared to the same genes in the S. coelicolor ppk  mutant (Figure 4.25), 
there is a substantial difference as no such induction o f the actinorhodin genes occurs 
with the S. coelicolor ppk  mutant. These findings are consistent with the data obtained 
from the physiological analysis, with the S. lividans ppk  mutant over producing 
actinorhodin with respect to the parental strain (as opposed to the S. coelicolor ppk  
mutant which synthesises very little actinorhodin) (Chapter 3).
Figure 5.12. Log2 average ppft/wild-type fold change o f the S. lividans act genes with respect to the 
parental strain, TK24. (A) actVA\ (SCO5076) (dark purple), actVAl (SCO5077) (blue), actVA3 
(SCO5078) (orange), actVAA (SCO5079) (green), actVAS (SC05080) (red) and actVA6 (SCO5081) (light 
purple). (B) actlI-\ (SCO5082) (red), actll-2 (SCO5083) (green), actll-3 (SCO5084) (blue), actll-4 
(SCO5085) (orange)
In conclusion, even though much o f  the transcriptomic data obtained from the S. 
lividans study was compressed, plus fewer genes passing the threshold o f pfp <0 . 1 ,  
some interesting and viable results have arisen from the study. As with the S. coelicolor 
data, the results from the study agree with previously published data. In addition some 
o f the data is comparable to the results found in the more statistically significant S.
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coelicolor study (Chapter 4). Principally a ‘hesitation’ phase is found in all three strains, 
including the two mutants. Transcriptional analysis revealed down-regulation o f some 
members o f the p st operon in the phoP  mutant. In the pp k  mutant data, this repression of 
the p st  genes was reversed, as to be expected as PhoP regulates p pk  and the pst operon.
The actinorhodin genes behave differently depending on the p p k  mutant strain of 
Streptomyces studied - induced in S. lividans, repressed in S. coelicolor. In all S. 
lividans mutants, there is an overproduction o f undecylprodigiosin and actinorhodin, 
also a precocious production compared with the parental strain. The only problem with 
the pigmented antibiotic assessment was that it was visual rather than quantitative; if 
this experiment was to be repeated it would be preferable to take samples for metabolite 
analysis alongside those being removed for RNA and growth curve analysis. 
Alternatively, for a more consistent and reproducible study it would be better to perform 
all replicates on all strains, again but this time performing analysis in batch culture 
using Evans minimal medium; this would allow for a better assessment of the 
metabolites synthesised or consumed, plus all growth conditions could be more be 
accurately controlled and monitored.
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Chapter 6
Transcriptomic analysis: 
comparison of S. lividans TK24 and 
S. coelicolor MT1110 and their 
respective phoP and ppk mutants.
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Results 
Chapter 6: Transcriptomic analysis: comparison of S. lividans TK24 
and S. coelicolor MT1110 and their respective phoP and ppk mutants.
A comparison o f the array data between all the mutants studied in this project could 
provide a greater understanding o f the pathways concerned with phosphate regulation. 
Pathways often intercalate with each other, not being regulated by just one system, but 
instead possibly being co-regulated. Any genes which may behave in the same manner 
in S. coelicolor and S. lividans would be o f great interest in this study, especially when 
taking into account the considerable differences in experimental design o f the two 
studies: One was performed on solid complex agar medium and the other in a liquid 
minimal medium grown under controlled conditions.
6.1. Comparative study between the respective vhoP  mutants o f S. coelicolor and 
S. lividans.
A detailed study was performed on just the phoP  mutants o f both S. coelicolor and 
S. lividans. The significant genes from the rank product analysis were subjected to a 
comparative analysis, searching for any genes similar between the two species. The 
analysis was made slightly more difficult by the low number o f S. lividans genes 
passing the significance threshold o f pip < 0.1 (increased to < 0.2 for the down- 
regulated genes).
Figure 6.1. A Venn diagram showing the common down-regulated genes between S. coelicolor 
(pfp <0.1) and S. lividans phoP  mutants (pfp < 0.2) using gene lists generated from the respective rank 
product analyses.
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Figure 6.1 shows the four genes in common for the down-regulated genes, including 
one member o f the p st operon, pstS  as to be expected. However the presence o f phoR  
and phoP  would also be expected (phoR is present if a less stringent comparison is 
made; see below). As previously discussed (Chapters 4 and 5) down-regulation o f ppk  is 
common to both phoP  mutants, illustrating the role o f phoP  in activating this enzyme. 
Also present are two genes with relatively unknown function: SCO 1968, a secreted 
hydrolase, with possible similarities to glpQ  o f B. subtilis (SCO 1968 was selected for 
further study and verification from S. coelicolor study) and SC02628, a putative amino 
acid permease.
Figure 6.2. A Venn diagram showing the common up-regulated genes between S. coelicolor and 
S. lividans phoP  mutants (pfp < 0.1). Using gene lists generated from the respective rank product 
analyses.
Only one up-regulated gene, SC04345, was common to both phoP  mutants. SC04345, 
encodes a hypothetical protein o f unknown function. As mentioned previously 
S. lividans had fewer genes passing the stringent significance threshold. If  the gene list 
is extended using the P value < 0.05, a larger number o f genes in common are generated 
(Tables 6.1 and 6.2).
For down-regulated genes in common between the phoP  mutants o f both species 39 
genes were discovered when using the less stringent cut off (P-value < 0.05; Table 6.1). 
Included in this list are the expected targets mentioned in Chapters 4 and 5: pstC, ppk , 
and phoR, plus four o f the ribosomal proteins, all expected during times o f high stress 
such as phosphate limitation. ramS is down-regulated in both S. coelicolor and S. 
lividans, although the latter shows less statistical significance. Since down-regulation
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occurs in all these genes, across both species, during time o f phosphate limitation in a 
phoP  mutant, they are all potential targets o f PhoP.
Table 6.1. Down-regulated genes in common between S. coelicolor and S. lividans phoP  mutants (Using 
rank product analysis gene lists with a P-value < 0.05).
S co No. Function Sco. No Function
SCO0373 putative secreted protein SC04661 ftysA; elongation factor G
SCO0422 putative two-component sensor kinase SCO4705 rp/B; 50s ribosomal protein L2
SCO0611 putative membrane protein SCO4710 rpmC\ 50s ribosomal protein L29
SCO0623 putative membrane transport protein SC04714 rplE\ 50s ribosomal protein L5
SCO0742 ABC transporter, putative ABC binding protein SC04881
putative polysaccharide biosynthesis 
related protein
SCO0813 putative oxidoreductase SCO4902 putative secreted protein
SCO0849 putative membrane protein SC05127 putative integral membrane protein
SCO0938 putative amino acid transporter protein SC05128 putative membrane protein
S C 01048 putative secreted protein SC05179 Peptidase
SC01565 putative glycerophosphoryl diester phosphodiesterase SCO5490 conserved hypothetical protein
SC01968 putative secreted hydrolase SC05865 hypothetical protein
SC02535 conserved hypothetical protein SCO8130 hypothetical protein
SC02628 putative amino acid permease SC06333 putative membrane protein
SCO2906 putative PTS transmembrane component SC06373 putative integral membrane protein
SC03812 putative gntR-family transcriptional regulator SC06616 putative secreted protein
SC03828
SC04141
SC04145
putative molybdopterin-guanine 
dinucleotide biosynthesis protein
pstC\ phosphate ABC transport 
system permease protein.
Ppk; polyphosphate kinase
SC06682
SC07457
SC07742
ramS\ hypothetical protein
hypothetical protein
putative MarR-family transcriptional 
regulator
SC04200 putative membrane protein SC07759 putative DNA-binding protein
SC04229 phoR\ putative sensor kinase SCO7804 putative membrane protein
SC04576 hypothetical protein
Some o f the genes present in this list have actually been chosen from the S. coelicolor 
study for follow up assessment, either by northern blotting, QRT-PCR or gel shift 
analysis. Genes were either chosen randomly or for confirmation that the profiles 
appearing in the transcriptomic analysis were ‘true’ results. These included SCO 1595
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(Figure 4.18), SC01968, ramS  (SC06682), pstC  (SC04141), p p k  (SC04145) and 
SCO1048. Since some o f these validations have been performed on the S. coelicolor 
mutant, further work would be to extend to the S. lividans samples.
Among the seven putative membrane proteins found in the down-regulated gene lists, 
are two genes located next to each other on the chromosome, SC05127 (integral 
membrane protein) and SC05128, with a distance o f 156 bp between them (possibly too 
large for them to comprise an operon). SCO2906 is o f  interest, encoding the 
transmembrane component o f the phosphotransferase system, with a conserved domain 
similar to ptsG  (nagE) from protein BLAST analysis, present in a numerous bacteria 
including Clostridium acetobutylicum. Other genes included are multiple hypothetical 
proteins without any known function, alongside numerous enzymes such as hydrolases, 
peptidases and oxidoreductases possibly concerned with degradation o f nutrient sources 
during times o f phosphate limitation.
There is little prior knowledge on the common up-regulated genes identified here. The 
massively over expressed genes SC04155-SC04157 appearing in the S. coelicolor data, 
do not appear in the S. lividans data. A reason for this could possibly be due to the 
different growth conditions and media components. In addition, since S. lividans is 
missing about 500 genes compared to the sequenced S. coelicolor genome, perhaps 
these three genes could be among them. An easy resolution would be to repeat the 
northern blot analysis with both species, looking for variation in expression levels.
O f those up-regulated genes in common, tesB (SC01153) and murA are o f interest. 
Over expression o f  genes in the phoP  mutant could indicate that these genes are subject 
to repression by PhoP. Alternatively they could be up-regulated as a consequence of 
lacking components o f  the PhoP regulon. For example their expression could be 
compensating for an extreme absence o f phosphate. Up-regulation o f only one o f the 
type two thioesterases was common between both species (tesB). However, between the 
two species all three were up-regulated (SC06287 in S. lividans; SC01152 and 
SC02773 in S. coelicolor). From inspection o f the KEGG pathway database, 
thioesterases are involved in secondary metabolite synthesis and xenobiotic 
biodegradation and metabolism.
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Table 6.2. Up-regulated genes in common between S. coelicolor and S. lividans phoP  mutants (Using 
rank product analysis gene lists with a P-value < 0.05).
Sco No. Function Sco. No Function
SCO0176 hypothetical protein SC03147 putative ABC transporter ATP- binding subunit
SCO0395 putative epimerase/dehydratase SC03172 putative monooxygenase
SCO0453 probable secreted solute-binding lipoprotein SC03185 putative Na+/H+ antiporter
SCO0655 gvpJ2\ putative gas vesicle synthesis protein SC04345 hypothetical protein
SCO0759 hypothetical protein SC04388 putative citrate synthase
SCO0818 putative ABC transporter ATP- binding protein SC04775 pkaH; serine/threonine protein kinase
S C 01139 putative integral membrane protein SCO4780 putative aldehyde dehydrogenase
SC01153 tesB; acyl-CoA thioesterase II SCO5089 actl ORF3\ actinorhodin polyketide synthase acyl carrier protein
S C 01337 putative oxidoreductase SC05151 hypothetical protein
SC01349 conserved hypothetical protein SC05369 atpF\ ATP synthase B chain
SCO1407 hypothetical protein SC05567 putative DNA methylase
SC01548 hypothetical protein SC05652 conserved hypothetical protein
SCO1550 putative small membrane protein SC05772 hypothetical protein
SCO1900 putative integral membrane sugar transport protein SC05945 putative transferase
SCO2150 qcrC; cytochrome C heme-binding subunit SCO5967 conserved hypothetical protein
SC02152 putative response regulator SCO5970 hypothetical protein
SCO2160 putative large membrane protein SC06167 proline rich protein (putative membrane protein)
SC02751 conserved hypothetical protein SC06436 putative tRNA synthetase
SC02949 murA] UDP-N-acetylgiucosamine transferase
atpF  (SC05369) (chosen for verification with northern blot analysis o f the S. coelicolor 
study), encodes an ATPase synthase B chain, one o f nine gene products associated with 
the transport o f protons across the membrane, generating ATP from ADP and phosphate 
in the process. The ATP operon in E. coli comprises eight distinct proteins (Downie et 
al., 1979), atp A, atpB and atpC  situated in the cytoplasmic membrane, with Fi as a 
proton translocating channel, coupling the proton potential o f the membrane generating 
ATP from ADP and Pj (a reversible reaction). The remaining five proteins (a, P, y, 5 and 
e) form F0, an extra membrane component (Gay and Walker, 1981).
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The presence o f one o f the actinorhodin genes (acf/-ORF3), hints at the higher titres o f 
the secondary metabolite produced in both species o f the phoP  mutants. Obviously this 
pathway must be functioning in both mutants to produce the elevated titres.
6.2. Comparative study between the respective ppk mutants o f S. coelicolor and S. 
lividans.
A comparative study was performed on the ppk  mutants o f both S. coelicolor and 
S. lividans. The significant differentially expressed gene lists from the rank product 
analysis were used for this analysis. As mentioned previously, fewer S. lividans genes 
passed the significance threshold o f pfp < 0.1 (increased to < 0.2 for the down-regulated 
genes).
Figure 6.3. A Venn diagram showing the common down-regulated genes between S. coelicolor 
(pfp <0.1) and 5. lividans ppk  mutants (pfp < 0.2). Using gene lists generated from the respective rank 
product analysis.
Only five down-regulated genes were common to the ppk  mutants o f both species, with 
ppk  present in both, consistent with ppk  inactivation in both mutants. Among the other 
four present, a hypothetical protein (SCO0161), two putative ABC transporter ATP- 
binding proteins (SCO0742 and SCO 1144) and a putative phosphoenolpyruvate 
carboxykinase (SC04979). The carboxykinase is an enzyme converting oxaloacetate to 
phosphoenolpyruvate, using GTP and generating carbon dioxide in the process. It is 
involved in the following pathways, the TCA cycle and aspartate or phenylalanine 
degradation, suggesting that central metabolism is being affected by inactivation o f the 
polyphosphate kinase-encoding gene.
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O f the up-regulated genes (Figure 6.4), only three are common to both species: a 
putative GntR-family regulatory protein (SCO 1289), a putative membrane transport 
protein (SCO2690), and a hydrophilic hypothetical protein (SC05171).
Figure 6.4. A Venn diagram showing the common up-regulated genes between S. coelicolor and 
S. lividans ppk  mutants (pfp <0.1). Using gene lists generated from the respective rank product analysis.
Similarly with the phoP  mutants, when the significance threshold was reduced using a 
P-value < 0.02 more genes were found in common. The 11 up-regulated genes include 
rplE, encoding a ribosomal protein, with the other genes o f unknown functions or 
present in diverse metabolic pathways. However since these genes are present in both 
species, it would be o f further interest to follow up, investigating a possible association 
with phosphate limitation or a response to the ppk  inactivation.
Table 6.3. Up-regulated genes in common between S. coelicolor (pfp <0.1) and S. lividans ppk  mutants. 
(Using rank product analysis gene lists with a P-value < 0.02).
Sco No. Function Sco. No Function
SC 00690 possible oxidoreductase SCO3509 Conserved hypothetical protein
SC01161 putative integral membrane protein SC 03834
putative 3-Hydroxyacyl-CoA 
dehydrogenase
SC 01269 putative pyruvate dehydrogenase beta subunit S C 04623 hypothetical protein
S C 01277 hypothetical protein S C 04714 rp/E; 50S ribosomal protein L5
S C 02852 putative membrane protein SCO6710 putative glycosyl hydrolase
SC02881 cvnC12\ conserved hypothetical protein
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A large number o f down-regulated genes were common to the ppk  mutants, as 
illustrated by Table 6.4, mostly comprising hypothetical and membrane proteins. The 
pyrC  (SCO 1486), encoding dihydroorotase, is involved in the de novo biosynthesis o f 
pyrimidine ribonucleotides. In E. coli and Salmonella typhimurium, this process is 
controlled by six enzymes, including pyrC  and expression is controlled by the 
intracellular levels o f  the pyrimidine nucleotides (Wilson et al., 1987). More than 95% 
o f pyrimidine (and purine) nucleotides synthesised are used in nucleic acid formation; 
therefore sufficient levels need to be maintained in the cell functioning as a reservoir 
regulated by a variety o f processes (Wilson and Turnbough, Jr., 1990). The down 
regulation in the ppk  could be either due to the mutation, or since the polyphosphate 
kinase is inactive, reservoirs o f phosphate are either not present or as abundant as they 
would be in the parental strain, causing a knock on effect to cell components such as 
pyrimidines, requiring phosphate.
Table 6.4. Down-regulated genes in comparison between S. coelicolor (pfp <0 .01) and S. lividans ppk  
mutants. (Using rank product analysis gene lists with a P-value < 0.02).
Sco No. Function Sco. No Function
SCO0212 hypothetical protein SC 04959 putative membrane protein
S C 01486 pyrC\ dihydroorotase SC 04979 putative phosphoenolpyruvate carboxykinase
S C 01968 putative secreted hydrolase SC 05954 putative chitinase (putative secreted protein)
S C 02157 putative aminotransferase SCO6380 hypothetical protein
S C 02473 putative nitrate reductase SC 06384 putative integral membrane lysyl- tRNA synthetases
S C 02867 hypothetical protein SC 06682 ramS; hypothetical protein
S C 02964 putative lysR-family transcriptional regulator SC 06923 hypothetical protein
SCO3140 putative membrane protein SCO7085 hypothetical protein
S C 03828
putative molybdopterin- 
guanine dinucleotide 
biosynthesis protein
SC 07742 putative MarR-family transcriptional regulator
SCO4043 conserved hypothetical protein S C 07759 putative DNA-binding protein
S C 04145 Ppk; polyphosphate kinase
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6.3. Comparative study of specific genes between both species and their respective 
pltoP  and ppk  mutants.
A final comparison features previously mentioned significant genes (Chapters 4 and 5), 
and compares side-by-side the expression levels o f both species and both mutations.
6.3.1. Genes linked with phosphate regulation in both the Streptomyces species.
The difference between the two species and expression o f phoR, phoP  and ppk  is 
illustrated in Figure 6.5. S. coelicolor shows the more expected result in the PhoRP 
system with down-regulation o f both phoR  and phoP  in the phoP  mutant while the wild- 
type and pp k  mutants exhibit peaks o f expression between 38 h and 42 h (46 h for the 
ppk  mutant), coinciding with phosphate depletion, and just before the induction o f 
actinorhodin synthesis. With the S. lividans study, a different pattern occurs: the ‘wild- 
type’ TK24 and phoP  mutant seem to have similar expression levels, although phoR  
appears very slightly reduced (considered an insignificant change). A striking difference 
is seen in the S. lividans ppk  mutant, with very elevated levels o f both phoR  and phoP, 
exceeding levels achieved by either the wild-type or phoP  mutant. Induction appears 
slightly earlier (than S. coelicolor) and since metabolites were not measured the data 
cannot be related to phosphate levels or secondary metabolite synthesis. In the profiles 
o f most strains, similar expression profiles occur with the phoR  and phoP, which is to 
be expected since both are considered to be co-transcribed from the same leaderless 
bicistronic transcript (Ghorbel et al., 2006). A recent study indicates however that 
S. coelicolor phoP  is principally transcribed from its own promoter rather than from the 
promoter upstream of phoR  (N. Allenby, personal communication).
For the ppk  gene, the wild-type strains o f both species follow similar expression 
patterns, although S. coelicolor has a higher peak o f expression at 42 h compared with 
46 h in S. lividans. In all four mutant stains, the ppk  gene was down-regulated, two o f 
which would be expected since they are the p pk  mutants, but the other two are phoP  
mutants and therefore show that phoP  is positively involved in p p k  expression. This 
data is interesting since it confirms some inactivation o f the phoP  o f S. lividans, 
although the profiles o f the phoP  gene seem not to illustrate this. As mentioned
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previously this discrepancy o f the phoP  mutant in S. lividans needs verification with 
additional experiments.
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Figure 6.5. Averaged cDNA/gDNA expression ratios o f three genes associated with phosphate regulation 
under phosphate limited conditions in S. coelicolor (top graph) and S. lividans (bottom graph), ppk 
(S C 04145) (red), phoR  (SC04229) (green) and phoP  (SCO4230) (blue).
The pstC  gene o f S. coelicolor illustrates the typical expression profile expected of 
members o f the pst operon in the phoP  mutant relative to wild-type (and ppk  mutant; 
Figure 6.6). Complete down-regulation occurs in the phoP  mutant, and with the ppk  
mutant induction begins at 46 h, coinciding with phosphate limitation. Although the 
wild type has an initial high value, induction occurs from 38 h onwards, slightly earlier 
than the ppk  mutants, but as mentioned in Chapter 3, the ppk  mutant has a delayed 
uptake o f phosphate. Possibly the ppk  mutant is less phosphate limited which could 
account for this difference.
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Figure 6.5. Averaged cDNA/gDNA expression ratios of two genes associated with phosphate regulation 
under limited conditions, S. coelicolor (top graph) and S. lividans (bottom graph), pst A (SCO4140) 
(green) and pstC  (SC04141) (blue).
In S. lividans, the induction o f pho/pst expression relative to phosphate concentration is 
not known since supernatant levels were not monitored. The phoP  profile does not 
correspond to the expected profile. The ppk  gene shows higher expression levels when 
compared to the wild-type, with induction at 36 h (10 h earlier than the S. coelicolor ppk 
mutant). A noticeable difference between the two ppk  mutants is that in the S. lividans 
ppk  mutant, both the phoRP  system and pstC  seem to more elevated than the wild-type 
(but not in S. coelicolor). The inactivation o f the ppk  in S. lividans, seems to induce an 
increase in the phosphate stress regulatory system and since this does not occur in 
S. coelicolor it could explain the difference in actinorhodin production (synthesised at 
times o f nutritional stress). To further clarify specific transition phases and phosphate 
limitation, a further replicate alongside assays for detailed metabolite analysis should be 
conducted.
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6.3.2. Expression of actlO R F l. actIORF2 and actIORF3 in both Streptomyces 
species.
Figure 6.7, illustrates the differences in three o f the genes present in the act cluster 
(actlORFl, actlO RFl and actlO R F l) responsible for synthesis and could explain the 
noticeable variation in titres found between all six cultures, in particular with the ppk  
mutants. In the S. lividans, both phoP  and ppk  mutants had hyper production of 
actinorhodin occurring just after the transition phase, and as displayed (Figure 6.7) they 
both have elevated act expression from 46 h onwards to a peak at around 56 h, with no 
expression in the low-producing parental strain.
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Figure 6.7. Averaged cDNA/gDNA expression ratios of act genes under phosphate limited conditions, 
S. coelicolor (top graph) and S. lividans (bottom graph). actlORFl (orange), actlORFl (green) and 
actlORFl (blue).
In S. coelicolor, the phoP  and ppk  mutants behaved differently to each other, with the 
phoP  mutant showing elevated levels o f act expression to both the wild-type and ppk  
mutant. The wild-type shows more expression than the ppk  mutants, and the
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transcriptomic analysis seems to be consistent with the observed actinorhodin synthesis, 
where the phoP  produced the highest titres followed by the wild-type, with the ppk  
mutant synthesising minimal amounts. When comparing both ppk  mutants, the 
S', coelicolor mutant produces opposite results in actinorhodin production to those 
found in S. lividans. Comparing this information with the transcriptomic data, a 
difference in expression levels can be seen with the S. coelicolor p pk  mutant having 
very low levels, and the S. lividans having a peak at 56 h. This could possibly explain 
the difference between the two ppk  mutants, since no actinorhodin production in 
S. coelicolor shows relatively little expression o f the three act genes, whereas in the 
S. lividans there is expression o f the act genes and production o f actinorhodin.
6.3.3. Significant genes found in S. coelicolor phoP  mutant.
The following section refers to interesting genes found in the S. coelicolor phoP  study 
either with chronological time analysis, or via the growth phase adjusted analysis. In the 
phoP  mutant o f S. coelicolor, there appears to be some link with nitrogen metabolism. 
SC02198 {glnA), a glutamine synthetase that is positively regulated by glnR according 
to nitrogen levels (Fink et al., 1999; 2002) was found to be up-regulated in the S. 
coelicolor phoP  mutant. Both glnA (SC02198) and glnR  (SC04159) are shown in 
Figure 6.7, the most significant profile is found with glnA-, in the S. coelicolor phoP  
mutant a peak o f expression occurs at 42 h, not seen in either the parental strain or ppk  
mutant. However this pattern appears to be only occurring in the S. coelicolor mutant; 
no such peak or even elevated expression occurred in S. lividans. It should be noted 
however that the S. lividans experiments were conducted in a rich and complex medium 
For glnR, there is a slightly elevated expression in the S. coelicolor phoP  when 
compared to the wild-type, while the ppk  mutant has the highest levels overall.
SCO 1048, a predicted secreted protein o f unknown function, was found to have a very 
high expression level in the wild type (Figure 6.8); the presence o f this gene in the 
common list o f down-regulated genes in phoP  (see section 6.1) makes the finding more 
interesting. However, when comparing the two separate strains’ expression profiles, the 
S. lividans phoP  mutant seems not to show any significant down-regulation (minimally 
lower than the wild-type). A similar pattern occurs with SCO 1595; although appearing
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in both common gene lists, the individual analysis illustrates a peak o f induction at 46 h 
in the phoP  mutant o f S. coelicolor, but not in the S. lividans strain. But both genes 
would be o f interest for follow up, due to the significant expression among the 
S. coelicolor phoP  mutant; it has already been mentioned that the S. lividans seems to 
have compressed expression ratios, which could account for the differences not being as 
great as those found in the S. coelicolor study.
7
Figure 6.7. Averaged cDNA/gDNA expression ratios of five genes significantly expressed in the S. 
coelicolor mutant under phosphate limited conditions, S. coelicolor (top graph) and S. lividans (bottom 
graph). SCO 1968 (orange), SCO 1565 (green), glnA (SC02198) (red), glnR (SC04159) (purple) and 
SCO 1048 (blue).
In conclusion, expression o f some genes is very similar between the individual phoP  
and ppk  mutants; however some o f the expected genes are not present (most likely the 
lack o f statistical significance o f these genes in the S. lividans study). The phoRP  
system was shown to be down-regulated significantly in S. coelicolor and less 
significantly in S. lividans, as to be expected with the inactivation o f the phoP. This 
affects members o f the PhoP regulon, such as the pstS  which is shown to become
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induced upon phosphate limitation in the wild-type and p p k  mutants (although not 
confirmed with the S. lividans study). Since ppk  is repressed across all mutant strains 
the data has demonstrated that p pk  is positively regulated by PhoP either directly or 
indirectly. A few genes identified that should certainly be followed up are SC01565, 
SCO 1968, SCO 1048, and any one o f the three thioesterases, but perhaps an initial 
investigation focussing on the one found in common during this study, SCOl 153.
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Both the mutational studies performed in S. lividans and S. coelicolor have identified 
numerous genes or collective pathways as being either up-regulated or down-regulated, 
in response to either o f  the individual mutations, the phosphate limitation or at 
particular time points o f the cultivation. One o f the discoveries is the presence o f a 
‘transition’ or ‘hesitation’ phase in liquid cultures; in certain replicate cultures the phase 
was not as distinctive, but nevertheless was definitely present. In most cases, the onset 
o f this transition phase could be attributed to the start o f complete phosphate exhaustion 
from the growth medium (as opposed to the phosphate limitation at the start o f the 
culture) and actinorhodin synthesis.
6.1. Physiological and metabolite studies
The transition phase represents a period o f change in a Streptomyces culture where a 
whole cascade o f systems are induced, as internal cellular components become 
cannibalised and reabsorbed. A more detailed study was performed in the S. coelicolor 
experiments and interestingly each o f the mutants showed a variation between each 
other and the parental strain. In the model wild-type strain this phase occurred between 
40 h and 46 h, with a slightly larger variation due to a difference between the two 
replicates. In the phoP  mutant this occurred at least 2 h earlier at 38 h; the transition 
phase o f the ppk  mutant proved harder to determine but appeared to be more delayed 
than either o f the other two strains, a possible reason being the higher phosphate levels 
present in the medium o f the ppk  mutant at the latter time points. In the S. lividans study 
the timings o f the transition phase are based on the slowing down o f growth with a 
slight reduction o f  biomass; as with S. coelicolor, the phoP  mutant began the transition 
first at about 46 h, compared with 48 h and 50 h for the parental strain and ppk  mutant 
respectively. Since both species exhibit the same growth pattern, it can be concluded 
that inactivation o f the phoP  mutant induces an early initiation o f the transition phase, 
and a mutation in p p k  delays its onset.
Since metabolite assays were performed in the S. coelicolor experiments, the results can 
be related to the onset o f phosphate limitation and not to either carbon (glucose) or
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nitrogen (ammonium), which where not limited. Assays proved that both C and N levels 
remained sufficiently high in the medium, opposed to that o f phosphate which 
decreased over time, varying according to the strain being investigated. The S. lividans 
study did not include metabolite assays, but the same culture samples were grown on 
phosphate replete media, used as a reference for timings o f  secondary metabolite 
induction. All strains and species produced undecylprodigiosin and actinorhodin to 
varying degrees, with the phoP  mutation hyper-producing both. However with the ppk  
mutant, there is a difference between the two strains, where over production of 
actinorhodin is seen in S. lividans and a lack o f production in the S. coelicolor mutant.
6.2. The two component vhoRP  system
As previously published, phoP  inactivation influences actinorhodin synthesis (Ghorbel 
et al., 2006; Sola-Landa et al., 2003); the phoP  mutants o f both S. coelicolor and 
S. lividans, synthesised increasing titres o f actinorhodin relative to those present in 
either o f the parental strains. In the S. coelicolor study, this synthesis coincided with 
phosphate exhaustion and the transcriptomic data gave additional confirmation. Across 
the time points, an initiation o f expression o f some o f the actinorhodin genes occurred 
between 31 h and 42 h, depending on the specific individual gene. Similarly the 
metabolic flux-related analysis confirmed that actVA 1, actVAl, actVA5 and actIORF3 
were among the significant metabolic genes changing between the phoP  (42 h) mutant 
and the wild type (38 h) (A.M. Kierzek, personal communication). In comparison the 
ppk  mutant showed a decreased actinorhodin synthesis, and from inspection o f the 
transcriptomic data against the same act genes a decrease in transcription occurred from 
31 h onwards.
A well known system concerned with phosphate limitation is the pst operon; some 
members will be discussed alongside some additional prospective members found from 
the transcriptomic analysis o f both studies. Comparing the data between the ppk  and the 
phoP  mutants in S. coelicolor, there is a clear difference in the behaviour o f the two 
component system, phoRP  and the p st operon (pstSCAB). In mutants where the phoP  
has been inactivated, there is complete and significant down-regulation o f both phoR  
and phoP, in addition to pstC. Here the data between S. lividans and S. coelicolor differs
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slightly; the S. lividans has two members o f the pst operon significantly repressed, pstS  
and pstC, but neither phoR  or phoP  are present, although both are down-regulated just 
outside the significance threshold. In S. coelicolor, pstC  is present and significantly 
down-regulated, along with phoR  and phoP  but not pstS  (which would be expected). 
When studying the remaining members o f the pst regulon, in both S. coelicolor and 
S. lividans pstA  and pstB  are detected but not with significantly altered transcription. 
Since both studies used the oligonucleotide arrays and neither pstA  nor pstB  appear in 
either significant gene list, perhaps the actual probes could be affected, maybe not 
having such efficient binding therefore producing low signal intensities but still viable. 
To clarify, other methods could be used, in fact the pstS  gene was subjected to northern 
blot analysis, and was shown to have the correct and similar profile to pstC  which was 
demonstrated to be down-regulated by the microarray data.
The transcriptional activator o f the pst operon is the PhoP protein, and phoR  and phoP  
were down-regulated in S. coelicolor, when compared to the wild type strain, 
confirming there is inactivation o f the phoP; this is consistent with PhoP functioning as 
an auto-activator o f its own expression and o f phoR. However in the S. lividans study, 
complete down-regulation o f either phoR  or phoP  did not occur. The phoR  remained 
slightly repressed more so than phoP, but the results were not as statistically significant 
as the same system in S. coelicolor. Southern blots and antibiotic sensitivities verified 
the S. coelicolor mutants; perhaps further verifications need to be conducted on the 
S. lividans mutants (which were constructed by another laboratory). However 
combining the actinorhodin elevated synthesis, the phoP  mutant is probably inactivated, 
but maybe there was only a partial inactivation. If  the raw values from the microarray 
experiments are taken into account (before normalisation) the values were relatively low 
similarly with S. coelicolor phoP  mutant and few spots are deemed ‘bad’ spots, most 
achieving a flag o f ‘A ’.
The most overly expressed gene o f the entire S. coelicolor study encoded a protease 
(SC04157). Interestingly the next highest significant genes encode a two component 
system immediately downstream o f this protease (SC04155 and SC04156). These three 
genes were consistently proved to be over expressed in the phoP  mutant irrespective of 
which analysis method was performed, present in both the GeneSpring and rank product
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analysis, as well as the metabolic flux-related analysis. Moreover this expression o f the 
protease (SC04157) has been verified, using two further techniques: the northern blot 
and mutational studies. As part o f an undergraduate project, S. Forrest (personal 
communication) generated a single mutant o f both the protease and the response 
regulator o f the two component system in S. coelicolor MT1110 (Chapter 4.3.3). As 
illustrated by growth studies and antibiotic analysis the knockout mutant o f the protease 
precociously hyperproduced undecylprodigiosin under phosphate limitation. The 
response regulator seemed not to initiate such an extreme reaction, a slight increase of 
undecylprodigiosin occurred but not to the same extent as with the protease. The 
protease mutant produced a further peculiar result exhibiting a decrease in cell biomass 
and hence growth rate over time; this is a very preliminary result since only two time 
points were recorded with no replicates, but both the phosphate limited and phosphate 
replete conditions produced the same result.
Since the response regulator (SC04156) o f the two component system seems to have a 
relatively minor effect on antibiotic production, it possibly indicates that either PhoP 
negatively regulates the system, or that phoRP  is the stronger system, dominating when 
both systems are present (as in the wild type) or if  the SC04156 system is inactivated. 
However with the protease, the pathway is more complicated, induced with the 
inactivation o f  phoP  and affecting antibiotic synthesis in the SC04157 mutant. 
Originally the protease was chosen for further study by using the original transcriptomic 
analysis generated from the S. coelicolor study o f the phoP  mutant and wild type. The 
unexpected result o f  the protease mutant (SC04157) obtained from the initial growth 
curve studies suggests that this gene might play a role in the scavenging of phosphate in 
phosphate starved cultures.
Protein BLAST searches o f SC04157 suggest this gene is a DegP/HtrA homologue, 
being more commonly classified as degP in E. coli and htrA in B. subtilis. The protease 
works as quality control protein for other proteins, either as a chaperone or a protease. It 
can digest any badly misfolded proteins in a protease capacity or by working as a 
chaperone assisting proteins that can be refolded and, if  unsalvageable, reverting back to 
the protease function degrading the protein. Previous studies show that the expression of 
degP is temperature dependent in E. coli; at elevated temperatures the protease function
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is activated, degrading (deg) misfolded proteins (Jomaa et al., 2006). However at lower 
temperatures the protein undertakes a chaperone function, aiding the correct folding o f 
newly generated proteins. These studies have been completed in E. coli and B. subtilis, 
but with no previous knowledge in Streptomyces, both functions could be occurring 
simultaneously, with both the protease and chaperone activity functioning. Even though 
a protease and molecular chaperones perform antagonistic functions, it is thought they 
share common features since their substrates are very similar (Spiess et al., 1999).
In other studies degP/htrA has been shown to be regulated by a two component system, 
encoded by cpxAR and cssRS in E. coli and B. subtilis, respectively (Raivio and Silhavy, 
1999; Dannon et al., 2002); no obvious highly homologous two-component system has 
been discovered as o f yet in Streptomyces. Protein blast sequences o f SC04155 
(response regulator) and SC04156 (sensor kinase) showed matches with both the cpxAR 
and cssRS, o f course mainly the similarities will be due to the fact that two component 
systems are conserved within and between species. However combining those findings 
with the transcriptomic data, showing an over expression o f a two component system 
adjacent to the protease gene perhaps indicates all three comprise an operon. With the 
protease, degP/htrA pointing towards this two component system (SC04155 and 
SC04156) being a homologue to either the CpxAR or the CssRS systems.
Since all the physiological growth studies were carried out at a specific temperature, and 
the function o f the protease has shown to be temperature dependent, this could alter the 
pathway or mode in which this protease works. In E. coli, DegP functions as a protease, 
degrading misfolded proteins above 28°C, and below that temperature acting as a 
chaperone, aiding the folding o f proteins (Jomaa et al., 2006). The S. coelicolor study 
was grown at 30°C, suggesting the protease should be functioning as the protease, 
aiding the degradation o f  misfolded periplasmic proteins. However the difference in 
temperature is slight (2°C) and performed in Streptomyces with a relatively unknown 
function, so the DegP could be functioning as both a chaperone and a protease. 
Obviously some internal imbalance is occurring, since the precocious antibiotic 
production suggests the cell is under stress, wrongly folded or undegraded proteins 
could cause such stress.
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The CssRS system in B. subtilis and the CpxAR system o f E. coli bear at least some 
resemblance to each other with both being two component regulatory systems. When 
the relevant response regulators and sensor kinases o f each respective pair have their 
protein sequences blasted, they show high amino acid similarity. Both systems are auto 
regulated and involved in controlling the transcriptional gene expression o f HtrA like 
proteases. (B. subtilis, htrA and htrB; E.coli, degP) (Darmon et al., 2002). However 
even though both show high similarities, the cssRS system promoter regions do not 
appear to have the CpxRA consensus binding site (Raivio and Silhavy, 1999). In 
addition both systems respond to different stimuli, CssRS to heat shock and CpxAR to 
pH change or alterations in the inner membrane lipid composition (Raivio and Silhavy, 
1999). The CpxAR system has been shown to regulate degP in conjunction with the 
sigma factor a E, the anti-sigma factor RpsE and two phosphoprotein phosphatases, 
PrpA and PrpB (Pallen and Wren, 1997).The CssRA system o f B. subtilis causes the 
induction o f htrB (alongside htrA), when the protein sequence is blasted using the 
ScoDB database numerous genes were generated including SC04157 (similar since 
they are both proteases), however the only other gene present in the up-regulated data 
list was SC03977 (+0.6, pfp < 0.011).
DegP functions in the periplasm o f Gram-negative bacteria such as E. coli, in contrast 
Gram-positive bacteria such as B. subtilis lack an outer membrane wall. Instead 
comprising o f only one thick network o f cell wall polymers, and hence an absence o f a 
periplasm (Hyyrylainen et a l ,  2001). In B. subtilis upon translocation, secretory 
proteins fold into their natural confirmation at the membrane cell wall interface, before 
being released into the environment (Hyyrylainen et ah, 2001). The presence o f three 
paralogous genes (ykdA, yvtA  and yyxA, encoding htrA/Do proteases) found in B. 
subtilis suggests that as with the Gram-negative bacteria, misfolded and surplus proteins 
are removed from the cell wall membrane interface o f Gram-positive bacteria by 
proteases with a clean up function (Tjalsma et al., 2000). A possible pathway for the 
same system occurring in the Gram-positive Streptomyces.
Since the protease DegP/HtrA is regulated by a two component system in both E. coli 
and B. subtilis, and three genes (suspected DegP, SC04157 and a two component 
system, SC04156 and SC04167) were massively up-regulated in the phoP  mutant
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transcriptomic data, it suggests these genes could belong in an operon. Studies have 
been performed in E. coli and B. subtilis, providing pathways which could be used to 
deduce the actual role in Streptomyces. It is possibly more likely that the B. subtilis 
system is more relevant and closely related, since both organisms are Gram -positive, 
lacking the periplasm. In both E. coli and B. subtilis, the protease and the two 
component system are positioned far away from each other, whereas the proposed 
regulatory system o f the protease in Streptomyces is adjacent. However these are only 
preliminary findings, more follow up work needs to be completed, but at present the 
results indicate that the protease and two component system are in some way regulated 
by PhoP, whether directly or indirectly. The protease alone increases antibiotic 
synthesis, although whether this increased production is due to a general stress or 
specifically phosphate limitation cannot be concluded. This system appears to be a 
prime candidate for a more targeted and detailed study, deducing the possibly pathway 
and link with phoP.
Both the S. lividans and S. coelicolor phoP  mutants have similar genes being repressed 
or expressed, indicating they must be highly involved in the pho  regulon and phosphate 
regulation. Any similarities would prove interesting since the two different strains (S. 
lividans and S. coelicolor) were grown on two separate phosphate-limited media; one a 
minimal chemically defined media and the other a complex media. The complex media 
included yeast extract and casaminoacids so in fact could have a higher concentration of 
phosphate than originally stated (0.37 mM in R2YE compared to 2 mM in Evans). 
These two experiments were carried out using very different methodologies, the 
complex media was performed on solid media agar plates overlaid with cellophane and 
the mycelium scraped, compared against the minimal media grown using a pH 
controlled fermenter in liquid culture. Due to the nature o f plate growth the internal 
composition o f each plate cannot be controlled possibly resulting in small microcosms 
o f habitats where the aerobic and nutritional compositions can not be maintained. 
Whereas in the minimal media only the bare minimum of reagents were added, allowing 
for a more detailed study o f metabolites and antibiotics to verify any effects discovered.
Other regulatory systems were found to change depending on the mutation. A whole 
range o f ribosomal proteins had reduced expression at 46 h, coinciding with the time of
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the transition phase, consistent with results published by Blanco et al., (2001). In 
Streptomyces, this phase is associated with an increase in intracellular ppGpp, inducing 
the stringent response (Strauch et al., 1991). In E. coli the changes in ppGpp and the 
stringent response initiates a down regulation o f rRNA and protein promoters as a 
response to starvation conditions (Cashel and Rudd, 1987). Another ribosomal 
elongation factor G, fusA  was also down-regulated in the phoP  mutants, a GTPase 
involved in the translocation o f ribosomes along mRNA during protein biosynthesis 
(Rodnina et al., 1997), indicating that under phosphate limitation or phoP  inactivation, 
some protein synthesis is occurring, perhaps for genes involved in phosphate 
scavenging or related to cell stress.
Most bacterial proteins are stable, however some which due to their important 
physiological roles are relatively unstable, and are broken down within a few minutes 
(Gottesman and Maurizi, 1992). Generally maintenance and quality control o f proteins 
are performed by two classes o f protein, molecular chaperones and ATP-dependent 
proteases, with Lon being a member o f the latter class (Sobczyk et al., 2002). Lon, a 
protein involved in the degradation o f abnormal proteins (Tomoyasu et al., 2001) is 
present in the up-regulated genes o f the S. coelicolor phoP  mutant. Conversely DnaK, a 
molecular chaperone is down-regulated in the same study.
Another protease likely to have quality control function for membrane bound proteins is 
FtsH (SC05587) (Tjalsma et al., 2000). f tsH  was present in the down-regulated genes 
o f the ppk  mutant, encoding for a zinc binding metalloprotease. B. subtilis ftsH  mutants 
showed high sensitivity to heat and salt stresses, whereas in E. coli ftsH  has been shown 
to involved in membrane protein assembly and the degradation o f unstable proteins 
(Akiyama et al., 1996). In particular ftsH  has been shown to be the principal method o f 
SecY degradation, mutants in f tsH  show high levels o f SecY, detrimental to cell growth 
and protein export (Kihara et al., 1995). SecY alongside SecE are important in protein 
translocase o f E. coli, forming a complex with SecG (Tokuda, 1994). Since there is 
down-regulation o f f ts H  in the ppk  mutant, it could suggest some kind of stress 
mechanism not functioning as normal in the ppk  mutant, possibly explaining the innate 
sickness o f the cell. Following the B. subtilis model, the low level o f expression offtsH  
in the p pk  mutant leads to low levels o f the FtsH protein being encoded, therefore less
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protein to perform the proteolytic degradation o f SecY, increasing levels o f the protein 
which has been shown by mutational studies to be detrimental to the cell.
ramS and ramB are both down-regulated in the phoP  mutant o f S. coelicolor, but only 
ramS in S. lividans, suggesting that the ram system might in some function be a PhoP 
target, since the inactivation has caused ramS to be repressed too. The ram cluster is 
well classified consisting o f ramAB (ABC transporters), ramC  (serine/threonine kinase), 
ramS (encoding a small protein) and the response regulator, ramR (Keijser et al., 2002). 
A lantibiotic, SapB, a small secreted peptide acting as a biological surfactant aiding 
aerial hyphae to cross the soil air barrier, is thought to depend on ramC  and ramS for its 
production (ICodani et al., 2004). Null mutants in both these genes resulted in the typical 
bald phenotype, similar to bid  mutants where aerial hyphae are not formed (O'Connor 
and Nodwell, 2005).
Since ramS  is repressed in both S. coelicolor and S. lividans it is therefore not a media 
specific occurrence, as one was performed on a minimal medium and the other 
complex. The initial finding o f ramS  repression was discovered in the S. coelicolor 
study conducted in minimal liquid media, with no obvious need o f the SapB surfactant 
for aerial hyphae to cross the air surface barrier possibly explaining the repression. 
However the discovery o f the same phenomenon in S. lividans grown on plate cultures 
suggests that the mutation in phoP  or phosphate limitation is playing some functional 
role. Could ramS  be acting as some secondary pathway? Aerial hyphae give rise to 
differentiation and eventually sporulation, under phosphate limitation this process 
would need to be hastily performed for the protection o f viable spores until the 
phosphate limitation has passed. The PhoRP system senses phosphate limitation, 
inducing a whole cascade o f genes involved in scavenging phosphate and secondary 
metabolite production, if  in addition it could induce the ram operon as secondary signal 
alerting the plight o f lowering phosphate levels, increasing aerial hyphae and SapB 
levels, allowing for the passage through the soil and into the air, resulting in the 
eventual release o f the spores, hopefully avoiding desiccation and starvation. Aerial 
hyphae have been shown to coincide with the transition phase (Susstrunk et al., 1998) 
and the production o f antibiotics (Thompson et al., 2002) both corresponding with 
decreased phosphate limitation and initiation o f PhoP activation.
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Another o f the genes in common between the two phoP  mutants, was tesB (SCOl 153) 
encoding a acyl coA thioesterase type II, functioning as an alternative chain terminating 
enzyme towards medium length acyl thiesterases (Kotowska et al., 2002). The 
thioesterase was up-regulated in both mutants, however in the S. coelicolor study an 
additional thioesterase, tesB2 (SC02773) was up-regulated in S. lividans, scoT  
(SC06287), hence all three thioesterases are up-regulated across the phoP  mutants of 
both species. Thioesterases form two distinct groups, thioesterases type I (such as TesA 
in E. coli) and thioesterases type II (TesB, ScoT), catalysing the hydrolysis o f saturated 
(3-hydroxy-acyl CoA, with TesB (Cg-Cis) being more universal in chain length than 
TesA (Ci2-C18) (Barnes et al., 1970). Not much is known about the physiological role of 
TesB in the cell, one function is to prevent high accumulations o f  intra cellular acyl 
CoA due to the high specificity o f the enzyme for the compound (Zheng et al., 2004).
3-Hydroxyalkanoic acids (3HA) are thought to maybe act as intermediates in the 
synthesis for many chemicals, such as antibiotics, aromatics and pheromones. The 
monomers could jo in  forming polyhydroxyalkanoates (PHA), macromolecules 
synthesised when grown on multiple carbon sources, functioning as reservoirs for 
carbon and reducing equivalents. In E. coli, it was found that TesB alongside PhaG, 
redirects the fatty acid biosynthesis to 3HA production as well as PHA synthesis (Zheng 
et al., 2004). However in S. coelicolor thioesterases are involved in the same 
condensation and reductions as shown with fatty acid biosynthesis, but are instead used 
in the generation o f polyketides, in fact mutants in TE II have a reduced synthesis of 
polyketide production by 90% or more (Xue et al., 1998; Butler et al., 1999). In both 
the S. coelicolor and S. lividans studies the phoP  mutants resulted in an over production 
o f actinorhodin, a well known polyketide (Crump et al., 1996) when compared to their 
respective wild types. Therefore the induction o f the type II thioesterases could be a 
reflection o f this increased synthesis o f the secondary metabolite.
Some o f the most interesting down-regulated genes generated by both studies in the 
phoP  mutants have relatively unknown functions, for example SCO 1048, encodes a 
secreted protein but not even performing a BLAST search against this can suggest a 
related function in another organism. Another two interesting genes, SC O l968 and 
SCO 1565 both function in the glycerophosphodiester degradation (converting a
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glycerophosphodiester to glycerol-3-phosphate, later used in glycolysis) but relatively 
little is known about their supposed function in Streptomyces. A study by Ishige et al. 
(2003) in Corynebacterium glutamicum  on phosphate limitation using microarrays, 
discovered an up-regulation o f glpQ  (glycerophosphoryldiester phosphodiesterase) 
along with pstSCAB  operon and phoH. A proteomic study on the 2-D protein patterns in
B. subtilis found that the glpQ  transcript in the wild type was elevated under low 
phosphate conditions, whereas no activation occurred in the phoP  mutant. Further 
analysis using matrix-assisted laser deabsorption ionization-time o f flight mass 
spectrometry (MALDI-TOF) identified GlpQ as a member o f the Pho regulon 
(Antelmann et al., 2000). In both Streptomyces phoP  mutants in this study, there was a 
marked down regulation o f the SCO 1565, the glycerophosphoryldiester 
phosphodiesterase, in comparison to the wild type. Further work needs to be conducted 
to deduce whether this gene is a member o f the PhoP regulon. In the study on B. 
subtilis, it was thought that glpQ  is monocistronically transcribed from an upstream 
promoter upon phosphate limitation, which requires the PhoRP system for 
transcriptional activation (Antelmann et al., 2000); indicating the possibility o f this 
system being an indirect PhoP target. Since two genes are present in the same pathway 
to be down-regulated in a phoP  mutant, it can be assumed that this must play a role in 
an internal phosphate scavenging system.
glnA was found to be up-regulated in the phoP  mutant, through both transcriptomic 
analysis and the metabolic studies. GlnA is a glutamine synthetase involved in nitrogen 
metabolism and is positively regulated by glnR  according to the nitrogen levels present 
in the bacterial cell (Fink et al., 1999). Streptomyces possesses two glutamine 
synthetases, glnA and glnll. The former is largely expressed in the phoP  mutant, the 
latter cannot be commented on since the data is not present. Glutamine synthetases 
catalyse the ATP-dependent synthesis o f glutamine from ammonium and glutamate 
(Wray et al., 1991). When grown on media lacking in nitrogen, the activity o f the 
glutamine synthases decreased upon the addition o f supplementary ammonia (Fink et 
al., 1999). In the phoP  studies, ammonium chloride was used as the nitrogen source in 
the Evans minimal media, assays were performed for all strains throughout the growth 
and although some nitrogen was metabolised, levels remaining in the media never 
achieved limiting levels, suggesting that glutamine synthase levels should remain
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relatively low. Transcription o f glnA is regulated according to nitrogen levels, although 
the enzymatic activity can be inactivated via adenylylation in response to sudden 
changes in nitrogen levels, acting as a negative feedback mechanism (Fink et al., 1999).
The deduced amino acid sequence o f GlnR shows significant homology to OmpR 
regulatory members, response regulators also involved with osmotic (ompR) and 
phosphate stress (phoP) (Fink et al., 2002). Additionally the helix turn helix m otif 
present in the C terminal response domains among all members o f the OmpR family, 
has been identified in the N  terminal region o f the Streptomyces antibiotic regulatory 
proteins (SARP’s) (Wietzorrek and Bibb, 1997) including regulators such as 
ActIIORF4, RedD, and AfsR from S. coelicolor.
Since ammonium levels remain sufficient in the media culture, the induction o f glnA 
can not be due to nitrogen limitation. Also another o f the genes (glnRII) involved in 
nitrogen metabolism was induced, similarily with peaks at 42 h. glnRII was shown to 
interact in some way with glnA (Fink et al., 2002). Since this gene encodes for a known 
transcriptional regulator, perhaps this is causing the induction o f glnA. Both have peaks 
o f expression at 42 h, coinciding with phoP  induction, perhaps suggestive that phoP 
may be involved in this mechanism in some way. GlnA could be functioning as a 
secondary pathway. In the natural soil habitat phosphate and nitrogen levels are often 
scarce, if  bacterial cells are nutritionally deficient in phosphate than probably a nitrogen 
limitation will be occurring as well, but then why would two regulatory systems need to 
be present in the cell. This mechanism needs to followed up, glnA is one o f the genes 
chosen for verification with QRT-PCR, both in the wild type and the phoP  mutant, but a 
more in depth study into how the two pathways interact might give a greater insight into 
antibiotic synthesis, since both nitrogen and phosphate pathways are known inducers of 
secondary metabolism.
The MurA protein o f S. coelicolor and S. lividans, differs from all other Gram-positive 
bacteria, by the inclusion o f a 16 amino acid insert found in no other bacteria except 
Chlamydiales, although direction o f the transfer and any biochemical implications are 
unknown (Griffiths and Gupta, 2002). This gene was up-regulated in both o f the phoP  
mutants. mnrA is involved in the first step in the biosynthesis o f peptidoglycan (Kock et
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al., 2004), suggesting that the phoP  disruption causes an increase in growth rate 
requiring peptidoglycan biosynthesis. In B. subtilis MurA is dependent on degradation 
by ClpCP, acting as a regulatory system allowing peptidoglycan biosynthesis to change 
according to growth conditions (Kock et al., 2004). Alternatively a regulatory system 
could occur with PhoP acting as activator either indirectly or directly, and the deletion 
o f phoP  allows for MurA expression and peptidoglycan synthesis even during times of 
stress, when synthesis should be reduced.
6.3 Polyphosphate kinase studies
The pho  regulon and phosphate limitation is a well researched topic, in a multitude of 
bacteria including S. coelicolor. This has made the phoP  experiments much easier to 
study and link with published data. However, the polyphosphate kinase study has not 
been so straightforward. The number o f genes passing the significance threshold was far 
greater in the S. coelicolor study than in the phoP  data o f the same species, however as 
noted previously the S. lividans data was far more compressed and genes discovered 
between the two species were not in as much agreement as with the phoP  mutant. There 
was one striking result, p pk  was down-regulated in all studies with both Streptomyces 
species. This was as expected in two o f the studies since they were performed using the 
pp k  mutant, hence this data confirmed the inactivation o f the ppk  gene. However ppk  
was down-regulated in both o f the phoP  mutants, one grown on the minimal liquid 
media and the other on the complex media agar plate study, completely different growth 
mechanisms but still generating a reduction o f the ppk  expression. These results suggest 
that ppk  must belong either directly or indirectly to the pho  regulon, since inactivation 
o f phoP  caused repression o f the ppk. This finding was consistent with those found 
previously by Ghorbel et al. (2006b) where western blot analysis clearly demonstrated 
that the ppk  induction was greatly reduced in the phoP  mutant o f S. lividans. However, 
these results should be further verified, since the position o f the insertion cassette could 
have affected transcription and therefore subsequent results.
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The polyphosphate kinase seemed to affect how the phosphate was taken up and 
metabolised in the cell o f S. coelicolor. In the p p k  mutant cultures on both phosphate 
limited and replete cultures, phosphate remained in the media for longer and in the case 
o f the phosphate replete cultures much higher levels o f phosphate were present than in 
both the phoP  mutant and the wild type strain media. Polyphosphate kinase has 
numerous functions, with the reversible polymerisation o f phosphate from ATP into 
long chains o f polyphosphate (Ghorbel et al., 2006), used as storage for times of 
phosphate limitation. A possible reason for the reduced uptake o f phosphate could be 
the lack o f the kinase enzyme meaning a conversion o f phosphate and storage of 
polyphosphates will not occur. However the polyphosphate kinase cannot be the only 
such enzyme o f its kind and to clarify the reaction, the polyphosphate reservoirs from 
within the cell should be studied, which alongside the phosphate assay would give a 
greater understanding into the whole phosphate uptake process. Consistent with 
previous results found by Ghorbel et al. (2006a) the p pk  mutant had elevated expression 
o f the phoR  and phoP  (60 h and 81 h) in S. coelicolor in comparison to the wild type. 
The S. lividans concurs with both phoR  and phoP, alongside phoU  being up-regulated in 
the ppk  mutant, hence agreeing with the suggestion there is an additional phosphate 
signal amplified in the p p k  mutant (Ghorbel et al., 2006a).
Elevated actinorhodin production in the S. lividans ppk  mutant was also consistent with 
previous results (Chouayekh and Virolle, 2002; Ghorbel et al., 2006b), the inactivation 
o f the ppk  induced early onset o f undecylprodigiosin and actinorhodin the latter not 
usually produced in the parental strain. However the same result does not apply to the 
ppk  mutant in S. coelicolor, inactivation caused very low levels o f antibiotics. In the 
study by Ghorbel et al. (2000b) the p p k  mutant o f S. lividans was found to have 
elevated levels o f glucose uptake, when compared to the parental strain, suggested to be 
the reason for the antibiotic synthesis. The proposed theory suggested the ppk  mutant is 
starved o f its ATP regenerating enzyme (polyphosphate kinase), altering the internal 
energy charge o f  the cell and to compensate an activation o f the central metabolic 
pathways occurs, inducing uptake o f glucose and phosphate and therefore reducing 
cofactors which could additionally be used in antibiotic synthesis.
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While this theory works with the study they performed in S. lividans, the opposite 
results found in the p pk  mutant o f S. coelicolor confuse the matter. Metabolites were 
taken and analysed through the entire growth curves for each o f the strains and 
replicates performed (Chapter 3.6). The ppk  mutant was found to have lower levels o f 
both undecylprodigiosin and actinorhodin, in comparison to the wild type and the phoP  
mutant. When the external metabolites o f glucose and ammonia are studied in more 
detail, glucose consumption is fairly similar between the phoP  and the wild type, but 
greatly reduced in the ppk  with higher concentrations o f glucose remaining in the media 
at the latter time points, opposing those results found in the S. lividans study, perhaps 
explaining the difference between the antibiotic synthesis o f both species. Phosphate 
levels are in limitation in all three strains, however the p pk  mutant consumes phosphate 
at a far slower rate than the other two strains. In the non-producing strain, S. lividans, 
ppk  inactivation induces antibiotic synthesis, phosphate and glucose uptake; in the 
producing strain, S. coelicolor, ppk  inactivation represses antibiotic production, 
reducing the uptake o f both glucose and phosphate. To clarify the difference was not 
due to solid versus liquid media, as all cultures o f the parental strains and ppk  mutants 
o f both S. coelicolor and S. lividans were performed on complex liquid media (Figure 
3.12), whereby the same result occurred. Transcriptomic data on a selection o f the 
actinorhodin genes also confirmed the findings, in S. coelicolor repression in the ppk  
mutant and activation in the phoP  mutant, and conversely activation o f act genes in both 
mutants o f S. lividans, all in comparison to the parental strains.
In conclusion phosphate limitation causes a whole cascade o f genes to be regulated in 
Streptomyces, alongside a brief period o f transition coinciding with a decrease in 
biomass and the initiation o f actinorhodin synthesis. The two mutants give different 
results but show more obvious stress than the parental strains. phoP  mutants generally 
behave the same between the two species, however the inactivation o f ppk, induces 
actinorhodin synthesis in S. lividans, but represses production in S. coelicolor. PhoP has 
multiple targets induced at times o f phosphate limitation, including ppk  either directly 
or indirectly.
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6.4. Further work
This study was performed to provide an insight into how phosphate limitation affects 
the cell and the affect o f  two mutations in known phosphate regulatory systems, 
therefore forming a basis for future work using initial results generated from this data 
set. Multiple genes have been highlighted as being potential PhoP targets, looking for 
similar consensus sequences could help deduce direct targets. A new technique 
ChlP-on-chip (Chromatin Immunoprecipitation-on-chip) would help the understanding 
o f PhoP binding. The technique allows for the isolation and discovery o f specific DNA 
sequences where target proteins bind in the cell, so for this experiment the PhoP would 
be the target protein and any genes it bound to would be highlighted using the genomic 
arrays. Additional verification o f some genes found by the transcriptional analysis was 
confirmed using northern blotting, QRT-PCR and gel shifts. The few initial samples 
performed confirmed the transcriptional analysis, allowing for confident assessment of 
all the S. coelicolor data; however this should be extended to the S. lividans study.
Follow up studies should be performed on the newly generated protease mutant, 
alongside the adjacent two component system, if  possible creating the same mutants in 
the S. coelicolor phoP::Qapr which as o f yet has not been achieved, so maybe both 
systems together are essential, but other methods could be employed to accomplish the 
double mutant. Cultures in batch (or chemostat) in the Evans minimal media would 
allow for a greater understanding o f the metabolite data, alongside the ability for a 
comparison with the original phoP  study in S. coelicolor. A few other potential genes 
for study would be SCO 1565, SCO 1968, ramS and dnaK, linked some way into 
phosphate limitation or the phoP  mutation, additional studies possibly incorporating 
into the phoP  mutant, or researching the limitation o f different nutritional sources, such 
as carbon and nitrogen.
Chemostat cultures would make for a more reliable study, using the different growth 
rates to mimic the actual growth curve in batch culture. Conditions would be controlled 
with a minimal media allowing for a better comparison on the metabolites, reducing 
interference from other unknown components when undertaking metabolic flux 
analysis. Alternatively a batch could be used, but perhaps on a less pelleted wild type,
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choosing a highly fragmenting bacterial strain would reduce variations either across the 
pellet or the media. A simple reduction o f the splashing o f biomass onto the vessel wall 
would be reduced, again making replicates more consistent. This is good knowledge in 
hindsight but for follow up studies o f the phoP  and ppk  mutants, the wild type M T1110 
would still be used, even though the pelleting greatly increases the variation.
To increase statistical validation across the S. coelicolor data set an extra replicate 
would be advantageous but due to the time scale o f the project could not be completed. 
In addition the same experiments could be completed using the same minimal media but 
phosphate sufficient. These cultures were started but again could not be completed due 
to time constraints, also problems arose with this cultures which would need resolving 
before attempting again. As the culture media was not limited for any compound, 
increased biomass occurred, causing excessive foaming and blocking o f air outlet 
filters, therefore increasing pressure within the vessel.
Even though phosphate levels were monitored throughout the course o f the experiment, 
an alternative method to verify phosphate limitation could be the introduction o f more 
phosphate at the latter stages o f growth, after all the samples had been removed. This 
introduction o f phosphate the nutrient as the limiting factor, restoring growth and cell 
functions back to the original unlimited state. This addition would not only prove the 
culture was limiting for phosphate, but would confirm the results obtained from the 
metabolite assays. For this study since the phosphate assays were performed using 
known standards, the limitation o f phosphate found by this study are reliable and 
accurate.
In conclusion, the methods used for this study produced some interesting results which 
would need to followed up and confirmed. The transcriptomic analysis has allowed for 
a greater general understanding o f phosphate metabolism but further detailed and 
specific experiments should now be performed to evaluate the functions o f many o f the 
genes identified in this comparative study.
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Appendix A: Supplementary metabolite data 
Appendix A .I. Metabolite and antibiotic assay results from all S. coelicolor strains 
Table A.I. Metabolite and antibiotic assay data results o f S. coelicolor MT1110 replicate A
Time
DW
(g/L)
Glucose
(g/L)
Phophate
(mM)
RED
(mg/g)
ACT
(mg/g)
0 30.00 1.87 0.00 0.00
20 1.45 38.90 0.97 0.34
31 3.54 28.07 0.00 0.13 0.17
36 4.17 0.00 1.23 0.23
38 4.78 1.63 0.21
40 4.58 2.02 0.34
42 4.50 2.21 3.13
44 4.51 2.46 1.48
46 4.74 27.70 2.50 2.47
60 5.42 23.85 2.41 10.39
70 5.24 2.55 15.12
81 4.09 21.05 2.94 22.66
135 4.14 17.70 2.85 24.76
Table A.2. Metabolite and antibiotic assay data results of S. coelicolor MT1110 replicate B
DW Glucose Phophate RED ACT
Time (g/L)______ (g/L)_________(mM)_______ (mg/g) (mg/g)
0 30.00 1.87 0.00 0.00
20 2.93
31 3.25 31.19 0.84 0.41 0.14
36 3.56 0.64 0.45 0.14
38 3.93 0.43 0.13
42 4.69 0.00 0.45 0.12
46 3.71 19.90 0.00 0.79 0.12
60 5.28 18.09 0.00 2.67 2.25
70 4.58 3.47 12.23
81 4.48 14.20 0.00 3.79 22.19
116 4.50 42.67
135 5.03 8.20 0.00 3.87 41.98
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Table A.3. Metabolite and antibiotic assay data results of S. coelicolor PhoP  mutant replicate A
Time
DW
(g/L)
Glucose
(g/L)
Phophate
(mM)
RED
(mg/g)
ACT
(mg/g)
0 30.00 1.87 0.00 0
19 0.89 28.66 1.55 0.070564 0.083918
31 3.27 29.66 0.00 0.013586 0.064406
36 3.27 0.00
38 3.12 0.509695 0.325931
42 3.24 0.00
46 3.23 25.50 0.00 1.177174 6.354367
60 3.22 20.61 0.00 2.696023 26.21468
66 3.67
81 2.70 19.46 0.00 3.321467 37.69372
131 1.55 15.95 0.00 6.207528 121.4313
Table A.4. Metabolite and antibiotic assay data results of S. coelicolor phoP  mutant replicate B
Time
DW
(g/L)
Glucose
(g/L)
Phophate
(mM)
RED
(mg/g)
ACT
(mg/g)
0 . 30.00 1.87 0.00 0
19 1.59 1.55 0.234463 0.16899
31 1.74 31.91 0.00 1.074249 0.285087
36 2.17 0.00
38 2.24 1.338397 0.304495
42 2.86 0.00
46 3.45 29.72 0.00 0.19751
60 4.26 20.12 0.00 1.526849 0.291109
68 4.00
81 2.20 17.11 0.00 2.298869 14.65604
131 1.39 12.50 0.00 4.145451 37.33794
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Table A.5. Metabolite and antibiotic assay data results of S. coelicolor ppk  mutant replicate A
Time
DW
<g/L)
Glucose
(g/L)
Phophate
(mM)
RED
(mg/g)
ACT
(mg/g)
0 30.00 1.87 0.00 0.00
18 1.41 35.31 1.50 0.066737
31 1.91 33.00 1.00 0.233953 0.324075
38 2.55 0.217287 0.486961
42 4.33 0.72 0.286624
46 4.75 29.28 0.447231 1.565377
60 6.27 24.45 0.06 1.354619 1.187355
67 6.56 1.228784
81 4.01 27.80 1.125248 2.240262
90 4.72 0.03
116 4.27 4.272623
130 3.44 16.99 1.921828
Table A.6. Metabolite and antibiotic assay data results of S. coelicolor ppk  mutant replicate B
Time
DW
(g/L)
Glucose
(g/L)
Phophate
(mM)
RED
(mg/g)
ACT
(mg/g)
0 30.00 1.87 0.00 0.00
18 1.95 1.55 0.15882 0.126975
31 1.59 1.44 0.500668 0.570769
36 2.21 1.06
38 2.50 0.639228 0.719273
42 2.80 1.09 0.974385
46 2.64 33.61 0.06 1.283969
60 2.34 16.09 0.778747 4.018928
67 3.76 0.78833 3.050843
81 36.62 1.107588 11.52682
130 2.80 12.39
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Appendix A.2. Antibiotic synthesis in S. coelicolor (replicates shown individually).
B
OIO)E
Time (h) Time (h)
Figure A.I. Comparison o f the culture supernatant undeclyprodigiosin concentrations from the batch 
cultivation o f S. coelicolor MT1110 (blue), phoP::Dapr (red) and ppk::f2hyg (yellow) in 2mM  
phosphate-limited Evans medium (A) Replicate A (B) Replicate B, both measured in g/1.
B
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Figure A.2. Comparison o f the culture actinorhodin concentrations from the batch cultivation of 
S. coelicolor MT1110 (blue), phoPr.Qapr (red) and ppk::f2hyg (yellow) in 2 mM phosphate-limited 
Evans medium (A) Replicate A (B) Replicate B, both measured in g/1.
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Appendix B; Significant genes lists with pfp < 0.1 
Appendix B .l. S. coelicolor significant data sets (pfp < 0.1)
Table B .l. Down-regulated gene lists used for the S. coelicolor phoP  m utant.
ppk < W T iog2  average
P hoP/w t fold
SCO No. Rank P -value pfp change Function
SC00030 83 0.000 0.038 -0.670 Hypothetical protein
SCO0161 43 0.000 0.019 -0.797 doubtful CDS
SCO0222 104 0.001 0.042 -0.758 possible acetyltransferase
SCO0279 35 0.000 0.010 -0.855 possible glycosyl hydrolase
SCO0336 167 0.002 0.089 -0.597 possible integral membrane protein
SCO0373 63 0.000 0.029 -0.908 possible secreted protein
SCO0422 53 0.000 0.021 -0.834 possible two-component sensor kinase
SCO0611 171 0.002 0.091 -0.785 putative membrane protein
SCO0619 113 0.001 0.056 -0.660 possible membrane protein
SCO0624 148 0.002 0.078 -0.748 possible secreted protein
SCO0641 56 0.000 0.024 -0.786 terD, tellurium resistance protein
SCO0683 136 0.001 0.072 -0.651 hypothetical protein
SCO0742 67 0.000 0.031 -0.894 ABC transporter
SCO0812 49 0.000 0.021 -0.777 possible sugar isomerase
SCO0813 76 0.000 0.034 -0.684 probable oxidoreductase
SCO0816 20 0.000 0.001 -1.182 conserved possible iron-sulfur protein
SCO0939 170 0.002 0.091 -0.679 probable hydrolase
SCO0995 144 0.001 0.073 -0.712 possible methyltransferase
SCO1010 133 0.001 0.068 -0.622 possible integral membrane transport protein
SCO1022 154 0.002 0.081 -0.677 hypothetical protein
SCO1048 3 0.000 0.000 -2.225 possible secreted protein
SCO1110 110 0.001 0.053 -1.351 probable secreted lyase
SC01144 78 0.000 0.034 -0.490 possible ABC transporter ATP-binding protein
SC01233 17 0.000 0.000 -1.903 ureF, urease accessory protein
SC01346 91 0.000 0.038 -0.960 fabG3, possible 3-oxoacyl-[acyl-carrier protein] reductase
SCO1403 160 0.002 0.084 -0.595 possible membrane protein
S C 01524 60 0.000 0.028 -0.910 putative membrane protein
S C 01565 10 0.000 0.000 -1.373 probable glycerophosphoryl diesterphosphodiesterase (fragment)
S C 01590 50 0.000 0.021 -2.150 putative secreted protein
SC01591 41 0.000 0.016 -0.808 probable 3-hydroxyacyl-CoA dehydrogenase
SCO1601 22 0.000 0.001 -0.992 Hypothetical protein
SCO1605 112 0.001 0.053 -1.010 hypothetical protein ORF in IS117
SCO1606 54 0.000 0.021 -1.072 possible membrane protein
SC01694 122 0.001 0.061 -0.781 possible penicillin acylase
SC 01746 62 0.000 0.029 -0.708 sal, secreted serine protease
SCO1803 86 0.000 0.038 -1.066 possible oxidoreductase
SC01813 69 0.000 0.032 -0.711 possible gntR-family transcriptional regulator
SC01814 151 0.002 0.078 -0.660 inhA, probable enoyl-(acyl-carrier-protein) reductase
SC01817 132 0.001 0.068 -0.729 hypothetical protein
SC 01820 164 0.002 0.088 -0.552 possible integral membrane protein
SCO1830 119 0.001 0.059 -0.726 hypothetical protein
SC01855 150 0.002 0.078 -0.382 probable precorrin-4 C11-methyltransferase
SC01961 39 0.000 0.014 -0.846 aroQ, dehydroquinate dehydratase
I .
Rank
6
102
33
25
77
79
169
23
81
8
97
145
166
52
125
107
36
149
109
103
26
27
73
75
89
127
161
84
117
72
146
165
14
108
159
74
116
85
2
29
1
9
45
158
115
124
15
141
121
201
ppk < W T log2  average  
PhoP/w t fold
?-value pfp change Function
0.000 0.000 -1.802 probable secreted hydrolase
0.001 0.043 -0.809 hypothetical protein
0.000 0.007 -0.778 trpB, tryptophan synthase beta subunit
0.000 0.001 -0.810 probable aminotransferase
0.000 0.033 -0.811 possible nicotinate-nucleotide-dimethylbenzimidazolephosphoribosyltransferase
0.000 0.034 -1.868 possible integral membrane protein
0.002 0.090 -1.066 conserved hypothetical protein
0.000 0.001 -0.417 possible reductase
0.000 0.035 -0.796 probable sugar transport permease
0.000 0.000 -1.509 probable sugar kinase (fragment)
0.001 0.038 -0.745 hypothetical protein
0.002 0.076 -0.860 probable amino acid permease
0.002 0.089 -0.659 possible secreted protein
0.000 0.021 -0.740 hypothetical protein
0.001 0.066 -0.807 possible secreted protein
0.001 0.046 -2.763 possible glycosyl transferase
0.000 0.013 -1.671 probable ABC transporter ATP-binding protein
0.002 0.078 -0.728 possible dehydrogenase
0.001 0.052 -0.800 possible peptidase (putative secreted protein)
0.001 0.043 -0.610 possible large ATP-binding protein
0.000 0.001 -1.137 possible acetyltransferase
0.000 0.002 -0.996 possible transcriptional regulator
0.000 0.033 -0.783 possible secreted sugar-binding protein
0.000 0.033 -3.358 probable D-alanine
0.000 0.038 -0.594 possible membrane protein
0.001 0.067 -0.857 asd2, probable aspartate-semialdehydedehydrogenase
0.002 0.086 -0.613 hypothetical protein
0.000 0.038 -0.793 dnaK, heat shock protein 70 (fragment)
0.001 0.057 -0.800 possible integral membrane protein
0.000 0.033 -0.750 probable glycosyl transferase
0,002 0.077 -0.680 possible membrane protein
0.002 0.089 -0.657 hypothetical protein
0.000 0.000 -1.038 putative membrane protein
0.001 0.053 -1.209 small hydrophobic protein
0.002 0.084 -0.621 possible integrase
0.000 0.033 -0.874 probable tetR family regulatory protein .
0.001 0.055 -0.708 possible integral membrane protein
0.000 0.038 -0.730 possible integral membrane protein
0.000 0.000 -2.332 pstC, phosphate ABC transport system permeaseprotein
0.000 0.005 -0.925 ppk, polyphosphate kinase
0.000 0.000 -3.461 possible sensor kinase
0.000 0.000 -1.310 probable response regulator
0.000 0.021 -0.783 hypothetical protein
0.002 0.084 -0.632 hypothetical protein
0.001 0.056 -0.905 hypothetical protein
0.001 0.061 -0.749 hypothetical protein
0.000 0.000 -1.282 possible two-component system sensor kinase
0.001 0.072 -0.515 rplL, 50S ribosomal protein L7/L12
0.001 0.061 -0.736 rpoB, DNA-directed RNA polymerase beta chain
>.
Rank
152
153
101
138
64
111
120
42
155
30
13
70
7
96
114
38
57
147
11
24
80
93
98
128
106
137
34
135
46
18
19
172
68
95
126
55
51
156
173
65
5
174
58
143
82
142
134
87
28
105
202
ppk < WT log2 average 
PhoP/wt fold
P-value pfp change Function
0.002 0.078 -0.005 rplB, SOS ribosomal protein L2
0.002 0.078 -0.195 rplE, 50S ribosomal protein L5
0.001 0.043 -0.432 rplF, SOS ribosomal protein L6
0.001 0.072 -0.493 rpoA, DNA-directed RNA polymerase alpha chain
0.000 0.030 -0.585 possible integral membrane protein
0.001 0.054 -0.699 possible NLP/P60 family secreted protein
0.001 0.059 -0.438 purN, phosphoribosylglycinamide formyltransferase
0.000 0.017 -0.731 possible D-alanyl-D-alanine carboxypeptidase
0.002 0.081 -0.580 probable sugar transferase (fragment)
0.000 0.005 -1.066 possible transferase
0.000 0.000 -1.112 possible polysaccharide biosynthesis related protein
0.000 0.032 -0.769 hypothetical protein
0.000 0.000 -1.379 possible secreted protein
0.001 0.039 -0.800 peptidase
0.001 0.056 -0.732 hypothetical protein
0.000 0.012 -1.009 probable secreted hydrolase
0.000 0.027 -0.711 thrB, homoserine kinase
0.002 0.078 -0.645 hypothetical protein
0.000 0.000 -1.224 hypothetical protein
0.000 0.001 -2.659 hypothetical protein prophage ATP binding protein
0.000 0.034 -0.893 hypothetical protein prophage gene
0.000 0.038 -0.901 tsf, elongation factor Ts
0.001 0.039 -0.957 probable fusion protein partially within putativeintegrated plasmid
0.001 0.069 -0.746 possible sigma factor
0.001 0.044 -0.790 hypothetical protein
0.001 0.071 -0.668 putative membrane protein, Gly-, Ala-rich protein
0.000 0.009 -0.985 probable chitinase (putative secreted protein)
0.001 0.071 -0.671 probable fatty acid oxidation complex alpha-subunit
0.000 0.020 -0.796 Hypothetical protein
0.000 0.000 -1.195 conserved hypothetical protein
0.000 0.000 -1.256 probable sugar transport system permease protein
0.002 0.091 -0.586 probable sugar transport system permease protein
0.000 0.033 -0.637 putative membrane protein
0.001 0.039 -0.739 possible integral membrane transport protein
0.001 0.066 -0.773 hypothetical protein, partial CDS
0.000 0.021 -1.132 Hypothetical protein
0.000 0.021 -0.791 putative secreted protein
0.002 0.083 -1.297 probable solute-binding lipoprotein
0.002 0.096 -0.593 Hypothetical protein
0.000 0.031 1.951 Hypothetical protein
0.000 0.000 -1.728 Hypothetical protein
0.002 0.098 -0.684 ramB, probable ABC transporter
0.000 0.027 -0.777 Hypothetical protein
0.001 0.073 -0.550 possible ABC transporter binding lipoprotein
0.000 0.038 -0.717 possible integral membrane efflux protein
0.001 0.073 -0.691 trxB2, possible thioredoxin reductase
0.001 0.071 -0.662 Hypothetical protein
0.000 0.037 -0.598 Hypothetical protein
0.000 0.004 -1.039 Hypothetical protein
0.001 0.042 -0.638 possible GntR-family regulatory protein
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SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
PhoP/wt fold 
change Function
SC07141 140 0.001 0.072 -0.550 possible nitroreductase
SC07185 162 0.002 0.088 -0.471 probable branched amino acid binding secreted protein
SC07195 88 0.000 0.038 -0.803 hypothetical protein
SC07223 90 0.000 0.038 -1.066 possible monooxygenase
SC07247 48 0.000 0.020 -0.950 hypothetical protein
SC07265 157 0.002 0.084 -0.647 hypothetical protein
SC07352 32 0.000 0.007 -0.776 possible membrane protein
SC07431 31 0.000 0.006 -0.866 possible integral membrane protein
SC07435 61 0.000 0.029 -0.755 possible transmembrane transport protein
SC07457 163 0.002 0.089 -0.539 hypothetical protein
SC07462 129 0.001 0.069 -1.251 possible integral membrane protein
SC07486 21 0.000 0.000 -1.036 possible ROK-family transcriptional regulator
SC07539 131 0.001 0.069 -0.594 possible TetR-family transcriptional regulator
SC07568 100 0.001 0.043 -0.821 possible regulatory protein
SC07577 12 0.000 0.000 -0.861 possible secreted hydrolase
SC07619 47 0.000 0.021 -0.880 probable anti sigma factor antagonist
SC07622 99 0.001 0.042 -0.607 pntB, NAD(P) transhydrogenase beta subunit
SC07623 94 0.000 0.038 -0.770 pntA, NAD(P) transhydrogenase alpha subunit
SC07631 118 0.001 0.058 -1.519 possible secreted protein
SC07645 123 0.001 0.061 -0.822 possible tetR-family transcriptional regulator
SC07657 4 0.000 0.000 -0.891 possible secreted protein
SC07658 59 0.000 0.027 -0.409 hypothetical protein
SC07738 40 0.000 0.015 -0.752 conserved hypothetical protein
SCO7740 37 0.000 0.012 -0.735 hypothetical protein
SC07742 168 0.002 0.090 -0.977 probable MarR-family transcriptional regulator
SCO7810 44 0.000 0.020 -3.173 possible oxidoreductase
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Table B.2. U p-regulated gene lists used for the S. coelicolor phoP  m utant.
ppk < WT log2 average
PhoP/wtfo ld Function 
SCO No. Rank P-value pfp change
partial CDS, possible transposaseSC00020 126 0.001 0.046 0.722
SCO0172 105 0.000 0.033 0.007
SCO0185 96 0.000 0.028 0.706
SCO0194 173 0.002 0.091 0.475
SC00200 3 0.000 0.000 4.021
SCO0233 26 0.000 0.000 1.230
SCO0301 168 0.002 0.083 2.244
SC00305 73 0.000 0.010 0.751
SCO0385 31 0.000 0.000 1.164
SCO0387 41 0.000 0.000 2.279
SCO0395 102 0.000 0.031 0.721
SCO0500 153 0.001 0.059 0.651
SCO0549 5 0.000 0.000 4.107
SCO0559 98 0.000 0.029 0.772
SCO0569 14 0.000 0.000 1.773
SCO0572 49 0.000 0.002 0.836
SCO0573 106 0.000 0.034 -1.334
SC00702 123 0.001 0.045 0.370
SCO0759 44 0.000 0.001 0.829
SCO0762 29 0.000 0.000 0.840
SCO0763 65 0.000 0.008 -0.235
SCO0774 20 0.000 0.000 2.152
SCO0775 95 0.000 0.028 1.320
SCO0834 32 0.000 0.000 0.796
SCO0921 167 0.002 0.074 0.619
SCO0957 142 0.001 0.051 1.085
SCO0958 17 0.000 0.000 1.611
SCO0961 56 0.000 0.004 0.883
SCO0966 176 0.002 0.092 1.175
SCO0968 84 0.000 0.020 1.005
SCO0969 139 0.001 0.050 0.690
SCO0993 117 0.001 0.038 4.338
SCO0999 141 0.001 0.051 -0.268
S C 01139 7 0.000 0.000 1.862
SC01153 18 0.000 0.000 0.680
SC01161 45 0.000 0.002 0.363
SC01165 157 0.001 0.066 0.489
SCO1170 27 0.000 0.000 1.182
SC01254 12 0.000 0.000 0.666
SC01333 121 0.001 0.042 0.641
SC01349 8 0.000 0.000 0.977
SC01355 60 0.000 0.005 2.003
SC01359 67 0.000 0.008 1.039
SCO1407 35 0.000 0.000 1.267
S C 01422 179 0.002 0.099 1.743
S C 01428 59 0.000 0.005 1.289
SC01431 135 0.001 0.048 0.543
SCO1505 163 0.002 0.072 0.591
hypothetical protein
CrtE, putative geranylgeranyl pyrophosphate synthase
possible sigma factor
Hypothetical protein
possible DNA-binding protein
possible lipoprotein
hypothetical protein
possible membrane protein
possible bi-domain oxidoreductase
possible epimerase/dehydratase
hypothetical protein
possible acyl carrier protein
hypothetical protein
possible 50S ribosomal protein L36
probable cytosine permease
conserved hypothetical protein
possible regulator
Hypothetical protein
s til, protease inhibitor precursor
probable oxidoreductase
probable cytochrome P450
conserved hypothetical protein
Hypothetical protein
hypothetical protein
possible oxidoreductase
hypothetical protein
glgC, glucose-1-phosphate adenylyltransferase
probable dehydratase
hypothetical protein
possible reductase
conserved hypothetical protein
sodF2, superoxide dismutase
possible integral membrane protein
tesB, acyl-CoA thioesterase II
probable integral membrane protein
possible integral membrane protein
xylB, xylulose kinase
purB, probable adenylosuccino lyase
possible integral membrane protein
hypothetical protein
possible secreted serine protease
possible integral membrane protein
Hypothetical protein
possible membrane protein
cd, acyl-CoA dehydrogenase
possible membrane protein
rspD, 30S ribosomal protein S4
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ppk < WT log2 average
PhoP/wt fold Function 
SCO No. Rank P-value pfp_______change______________
relA, GTP pyrophosphokinaseSC01513 178 0.002 0.096 0.518
SC01548 37 0.000 0.000 0.872
SCO1550 169 0.002 0.084 0.741
SC01618 71 0.000 0.009 0.841
SCO1750 50 0.000 0.002 0.047
SC01773 6 0.000 0.000 1.523
SC01841 93 0.000 0.027 0.751
SC01900 144 0.001 0.055 0.596
SC01946 85 0.000 0.020 0.913
SCO1950 152 0.001 0.059 0.668
SCO1960 174 0.002 0.092 0.584
SC01983 132 0.001 0.047 0.263
SCO2150 53 0.000 0.003 0.767
SC02155 111 0.001 0.037 0.483
SCO2160 124 0.001 0.046 0.963
SC02198 64 0.000 0.008 0.907
SCO2207 136 0.001 0.048 0.680
SC02328 54 0.000 0.004 0.875
SC02329 88 0.000 0.022 0.762
SC02471 158 0.001 0.067 0.665
SC02532 63 0.000 0.006 0.967
SC02553 9 0.000 0.000 0.927
SC02558 128 0.001 0.047 1.079
SCO2703 140 0.001 0.050 0.667
SC02728 40 0.000 0.000 3.058
SC02751 39 0.000 0.000 0.338
SC02752 107 0.000 0.034 -0.085
SC02793 68 0.000 0.008 0.843
SC02949 19 0.000 0.000 1.199
SC02952 11 0.000 0.000 0.567
SCO2980 94 0.000 0.027 0.302
SC02984 108 0.001 0.034 0.582
SC02987 116 0.001 0.038 0.592
SCO3059 133 0.001 0.047 0.852
SCO3072 70 0.000 0.009 0.775
SC03127 91 0.000 0.024 0.441
SC03147 30 0.000 0.000 0.771
SC03172 55 0.000 0.004 1.294
SC03185 51 0.000 0.002 0.312
SC03294 78 0.000 0.012 0.833
SCO3430 86 0.000 0.022 0.619
SC03953 120 0.001 0.042 0.904
SC04020 80 0.000 0.015 0.767
SC04116 23 0.000 0.000 0.392
SC04143 149 0.001 0.058 0.912
SCO4150 10 0.000 0.000 1.397
SC04155 4 0.000 0.000 1.716
SC04156 2 0.000 0.000 2.765
SC04157 1 0.000 0.000 5.009
SC04164 155 0.001 0.059 0.532
Hypothetical protein
possible small membrane protein
hypothetical protein
probable acyl CoA dehydrogenase
probable L-alanine dehydrogenase
Hypothetical protein
possible integral membrane sugar transport protein
pgk, phosphoglycerate kinase
hypothetical protein
possible hydrolase
conserved hypothetical protein
qcrC, cytochrome C heme-binding subunit
cox1, cytochrome c oxidase subunit I
possible large membrane protein
glnA, glutamine synthetase I
hypothetical secreted protein
possible dipeptidase
possible transcriptional regulator
possible secreted protein
PhoH-like protein
possible oxidoreductase
Hypothetical protein
possible membrane protein
Hypothetical protein
Hypothetical protein
possible oxidoreductase
ornA, oligoribonuclease
murA, UDP-N-acetylglucosamine transferase
possible helicase protein
possible integral membrane transport protein
possible integral membrane protein
possible regulatory protein
phosphoribosylaminoimidazole carboxylase catalytic
ubunit PurE
probable amino acid hydrolase
ppc, phosphoenolpyruvate carboxylase
possible ABC transporter ATP-binding subunit
probable monooxygenase
possible Na+/H+ antiporter
possible transferase
rpsN, probable 30S ribosomal protein S14
possible phosphotransferase
probable two component system response regulator
possible AfsR-like regulatory protein
possible mutT-like protein
possible ABC transport system transmembrane protein 
probable two-component system sensor 
probable two-component systen response regulator 
probable protease
probable thiosulfate sulfurtransferase (fragment)
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ppk < WT 1oQ2 average
PhoP/wt fold Function 
SCO No. Rank P-value pfp_______change______________
possible GntR-family transcriptional regulator 
Hypothetical protein
SC04188 16 0.000 0.000 1.127
SC04345 61 0.000 0.006 0.101
SC04348 129 0.001 0.047 0.933
SC04355 125 0.001 0.046 0.474
SCO4380 79 0.000 0.013 0.213
SC04388 22 0.000 0.000 0.891
SC04412 159 0.001 0.068 0.616
SC04421 171 0.002 0.091 0.657
SC04442 38 0.000 0.000 0.855
SCO4470 74 0.000 0.010 0.686
SC04539 69 0.000 0.009 1.274
SC04575 43 0.000 0.000 -0.082
SC04581 137 0.001 0.048 0.652
SC04599 103 0.000 0.031 0.630
SCO4701 134 0.001 0.047 0.467
SC04774 110 0.001 0.037 0.688
SC04775 33 0.000 0.000 1.092
SCO4780 28 0.000 0.000 1.622
SC04811 113 0.001 0.038 0.705
SC04858 146 0.001 0.057 0.356
SCO4970 57 0.000 0.004 0.858
SCO5071 34 0.000 0.000 0.754
SCO5076 87 0.000 0.022 0.693
SCO5077 109 0.001 0.036 0.584
SC05080 66 0.000 0.008 0.332
SCO5089 77 0.000 0.012 0.644
SC05145 143 0.001 0.053 0.548
SC05151 101 0.000 0.031 0.737
SC05172 62 0.000 0.006 1.053
SC05191 165 0.002 0.074 0.563
SCO5240 21 0.000 0.000 1.119
SC05287 138 0.001 0.049 0.714
SC05346 164 0.002 0.074 0.609
SC05366 72 0.000 0.009 1.117
SC05369 52 0.000 0.003 0.930
SC05372 118 0.001 0.038 0.314
SCO5380 99 0.000 0.030 0.571
SCO5401 147 0.001 0.058 0.422
SC05469 151 0.001 0.058 0.607
SCO5504 83 0.000 0.019 0.771
SC05567 130 0.001 0.047 0.620
SCO5606 48 0.000 0.002 0.889
SC05618 170 0.002 0.086 1.947
SCO5705 58 0.000 0.005 0.857
SC05731 82 0.000 0.018 -0.015
SC05772 24 0.000 0.000 0.608
SC05773 13 0.000 0.000 0.823
SCO5805 148 0.001 0.058 0.471
SC05962 15 0.000 0.000 1.859
hypothetical protein
probable nucleotidyltransferase
probable acetyl/propionyl CoA carboxylase, beta
ubunit
probable citrate synthase
possible regulatory protein
possible tetR-family transcriptional regulatory protein
hypothetical protein
probable phosphoglycerate mutase
hypothetical protein
nuoN, NADH dehydrogenase subunit
conserved hypothetical protein
nuoA2, NADH dehydrogenase subunit
rpsJ, 30S ribosomal protein S10
probable glycerol phosphate dehydrogenase
pkaH, serine/threonine protein kinase
probable aldehyde dehydrogenase
possible integral membrane protein
possible succinate dehydrogenase membrane ubunit
Hypothetical protein
ORFA hydroxylacyl-CoA dehydrogenase 
actVAl, probable integral membrane protein 
actVA2, hypothetical protein 
actVA5, possible hydrolase
actlORF3, actinorhodin polyketide synthase acyl arrier 
protein
conserved hypothetical protein
Hypothetical protein
possible hydrolase
Hypothetical protein
wblE, hypothetical protein
possible MarR-family transcriptional regulator
Hypothetical protein
atpl, ATP synthase protein I
atpF, ATP synthase B chain (EC 3.6.1.34)
atpG, ATP synthase gamma chain (EC 3.6.1.34)
possible membrane protein
probable integral membrane protein
sdaA, probable L-serine dehydratase
possible integral membrane protein
possible DNA methylase
hypothetical protein prophage gene
hypothetical protein prophage gene
hypothetical protein
possible secreted serine protease
Hypothetical protein
possible monooxygenase
nrdJ, ribonucleotide reductase
probable tran MerR family
I •
Rank
81
100
104
25
47
150
36
89
122
119
90
114
145
175
46
97
42
75
127
115
92
131
172
156
76
166
207
ppk < WT 
P-value pfp
log2 average 
PhoP/wt fold 
change
Function
0.000 0.018 0.892 Hypothetical protein
0.000 0.031 0.995 arcA2, arginine deiminase
0.000 0.031 0.655 Hypothetical protein
0.000 0.000 1.112 Hypothetical protein
0.000 0.002 1.027 possible ADA-like regulatory protein
0.001 0.058 0.664 Hypothetical protein
0.000 0.000 0.920 proline rich protein (putative membrane protein)
0.000 0.023 4.793 Hypothetical protein
0.001 0.042 0.623 Hypothetical protein
0.001 0.040 0.609 Hypothetical protein
0.000 0.024 1.904 hypothetical protein, partial CDS
0.001 0.038 0.632 probable two-component sensor
0.001 0.054 0.610 possible phosphoglycerate mutase
0.002 0.092 0.314 probable Lacl-family transcriptional regulatory protein
0.000 0.002 0.999 possible integral membrane protein
0.000 0.029 0.151 possible secreted amidase
0.000 0.000 0.917 possible FecCD-family membrane transport protein
0.000 0.012 0.809 Hypothetical protein
0.001 0.047 0.338 Hypothetical protein
0.001 0.038 0.420 possible integral membrane protein
0.000 0.027 1.543 possible acetyltransferase, partial CDS
0.001 0.047 0.487 possible oxidoreductase
0.002 0.091 0.165 hypothetical protein
0.001 0.064 0.135 conserved hypothetical protein
0.000 0.012 0.547 pseudogene, transposase remnant
0.002 0.074 0.338 possible TetR-family transcriptional regulator
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Table B.3. Down-regulated gene lists used for the S. coelicolor pyk  m utant.
SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change
Function
SC00005 217 0.000 0.004 -1.214 possible transposase
SC00008 197 0.000 0.004 -1.516 hypothetical protein
SCO0019 184 0.000 0.003 -2.586 Hypothetical protein
SC00025 242 0.000 0.006 -1.224 partial CDS, possible IS element ATP-binding protein
SC00035 259 0.000 0.007 -1.132 hypothetical protein
SC00067 9 0.000 0.000 -2.242 probable integral membrane permease
SCO0138 102 0.000 0.001 -0.827 possible oxidoreductase
SCO0177 192 0.000 0.003 -1.149 possible membrane protein
SCO0178 215 0.000 0.004 -1.065 hypothetical protein
SCO0210 275 0.000 0.009 -1.113 hypothetical protein
SCO0212 240 0.000 0.006 -1.095 hypothetical protein
SCO0222 284 0.000 0.009 -1.013 possible acetyltransferase
SCO0242 160 0.000 0.002 -1.222 hypothetical protein
SCO0249 20 0.000 0.000 -2.035 possible monooxygenase
SCO0277 131 0.000 0.002 -1.232 hypothetical protein
SCO0413 194 0.000 0.003 -1.322 hypothetical protein
SCO0422 176 0.000 0.003 -1.217 possible two-component sensor kinase
SCO0449 260 0.000 0.007 -1.073 possible secreted solute-binding lipoprotein
SC00460 143 0.000 0.002 -1.207 hypothetical protein
SCO0491 220 0.000 0.004 -0.767 probable ABC-transporter transmembrane protein
SCO0562 163 0.000 0.002 -1.302 probable integral membrane protein
SCO0594 138 0.000 0.002 -1.136 possible methyltransferase
SCO0599 188 0.000 0.003 -1.220 probable regulator of sig8
SCO0601 244 0.000 0.006 -1.000 putative secreted protein
SCO0623 200 0.000 0.004 -1.199 probable membrane transport protein
SCO0641 177 0.000 0.003 -1.122 terD, tellurium resistance protein
SCO0763 136 0.000 0.002 -2.150 probable oxidoreductase
SCO0767 68 0.000 0.000 -1.451 hypothetical protein
SCO0777 35 0.000 0.000 -1.625 3conserved hypothetical protein
SCO0785 113 0.000 0.001 -0.980 3possible integral membrane protein
SC00805 115 0.000 0.001 -1.310 possible prolyl aminopeptidase
SC00808 249 0.000 0.006 -1.053 possible secreted solute-binding lipoprotein
SCO0816 98 0.000 0.001 -1.497 conserved possible iron-sulfur protein
SCO0846 286 0.000 0.009 -1.035 hypothetical protein
SCO0914 80 0.000 0.000 -1.506 possible lipoprotein
SC00930 170 0.000 0.003 -1.215 possible lipoprotein
SCO0938 226 0.000 0.004 -1.088 probable amino acid transporter protein
SC00960 41 0.000 0.000 -1.642 possible hydrolase (putative secreted protein)
SCO0965 231 0.000 0.005 -1.011 conserved hypothetical protein
SCO0967 141 0.000 0.002 -1.383 possible reductase
SCO0985 228 0.000 0.005 -1.001 probable methionine synthase
SC01000 155 0.000 0.002 -1.233 Integrase
SCO1001 269 0.000 0.008 -1.259 hypothetical protein
SCO1002 229 0.000 0.005 -1.068 hypothetical protein
SCO1009 246 0.000 0.006 -1.149 possible transposase
S C 01024 105 0.000 0.001 -1.202 hypothetical protein
SC 01041 251 0.000 0.006 -1.114 hypothetical protein
S C 01048 169 0.000 0.003 -1.404 possible secreted protein
SC01118 195 0.000 0.003 -1.344 possible integral membrane protein
SCO1130 236 0.000 0.006 -1.083 conserved hypothetical protein
I .
Rank
56
241
38
264
25
158
239
278
232
257
57
96
89
247
187
33
62
153
123
174
70
129
71
204
2
54
272
172
117
203
51
87
86
248
276
140
193
77
126
63
168
121
26
74
76
157
238
181
167
16
48
209
ipk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change
Function
0.000 0.000 -1.549 possible integral membrane protein
0.000 0.006 -1.189 rpmE2, 50S ribosomal protein L31
0.000 0.000 -1.547 possible integral membrane protein
0.000 0.008 -1.082 hypothetical protein
0.000 0.000 -2.845 ureF, urease accessory protein
0.000 0.002 -1.249 probable two-component system sensor kinase
0.000 0.006 -1.380 possible secreted phosphatase (
0.000 0.009 -1.058 hypothetical protein
0.000 0.005 -1.914 possible oxidoreductase
0.000 0.007 -0.959 hypothetical protein
0.000 0.000 -2.088 hypothetical protein
0.000 0.001 -2.306 possible LysR-family transcriptional regulator
0.000 0.000 -1.501 possible integral membrane protein
0.000 0.006 -1.167 hypothetical protein
0.000 0.003 -1.230 possible integral membrane protein
0.000 0.000 -1.697 possible membrane protein
0.000 0.000 -1.258 possible membrane protein
0.000 0.002 -0.940 possible integral membrane protein
0.000 0.001 -1.228 possible integral membrane protein
0.000 0.003 -1.308 pyrC, dihydroorotase
0.000 0.000 -1.544 possible RNA polymerase sigma factor ECF subfamily
0.000 0.002 -1.371 probable 3-hydroxyacyl-CoA dehydrogenase
0.000 0.000 -1.468 hypothetical protein
0.000 0.004 -1.134 probable transcriptional regulator
0.000 0.000 -3.485 possible integral membrane protein
0.000 0.000 -1.867 possible gntR-family transcriptional regulator
0.000 0.009 -0.524 sal, secreted serine protease
0.000 0.003 -1.184 hypothetical protein
0.000 0.001 -1.133 hypothetical protein
0.000 0.004 -1.109 possible integral membrane transporter
0.000 0.000 -1.458 possible integral membrane protein
0.000 0.000 -1.422 hypothetical protein
0.000 0.000 -1.218 probable precorrin-4 C11-methyltransferase
0.000 0.006 -1.208 possible transport associated protein
0.000 0.009 -1.363 probable secreted hydrolase
0.000 0.002 -1.371 possible glutamate synthase small subunit
0.000 0.003 -1.213 possible AbaA-like protein
0.000 0.000 -1.663 hypothetical protein
0.000 0.001 -1.436 conserved hypothetical protein
0.000 0.000 -1.516 possible acetyltransferase
0.000 0.003 -1.204 possible integral membrane protein
0.000 0.001 -1.331 possible integral membrane protein
0.000 0.000 -2.009 probable branched chain amino acid transport permease
0.000 0.000 -1.429 hypothetical protein
0.000 0.000 -1.202 probable aminotransferase
0.000 0.002 -1.320 possible nicotinate-nucleotide-dimethylbenzimidazole phosphoribosyltransferase
0.000 0.006 -1.244 possible transcriptional regulator
0.000 0.003 -1.842 possible peptidase (putative secreted protein)
0.000 0.003 -1.187 possible integral membrane protein
0.000 0.000 -2.042 hypothetical protein
0.000 0.000 -1.403 probable carboxylesterase
173
147
92
245
73
132
130
14
144
13
270
134
110
234
42
268
72
95
47
99
166
125
145
189
60
83
213
175
178
161
84
88
263
250
93
277
273
199
256
61
159
254
294
75
222
27
214
209
65
221
279
210
ipk < WT 
?■-value pfp
Iog2 average 
ppk/wt fold 
change
Function
0.000 0.003 -1.305 putative secreted protein
0.000 0.002 -1.104 hypothetical protein
0.000 0.001 -1.425 possible sugar hydrolase
0.000 0.006 -1.120 probable nitrate reductase
0.000 0.000 -1.613 hypothetical protein
0:000 0.002 -1.300 hypothetical protein
0.000 0.002 -1.304 possible long-chain fatty-acid CoA ligase
0.000 0.000 -2.230 lepA, GTP-binding protein
0.000 0.002 -1.256 hypothetical protein
0.000 0.000 -2.160 possible integral membrane protein
0.000 0.008 -1.760 hypothetical protein
0.000 0.002 -1.246 possible membrane protein
0.000 0.001 -1.407 possible secreted protein
0.000 0.006 -1.034 possible lipoprotein
0.000 0.000 -1.512 hexA, beta-N-acetylhexosaminidase precursor
0.000 0.008 -0.924 lacl-family transcriptional regulatory protein
0.000 0.000 -1.244 probable two component system histidine kinase
0.000 0.001 -1.357 putative membrane protein
0.000 0.000 -1.267 hypothetical protein
0.000 0.001 -1.375 hypothetical protein
0.000 0.003 -1.287 hypothetical protein
0.000 0.001 -1.283 probable oxidoreductase subunit
0.000 0.002 -1.341 possible transposase
0.000 0.003 -1.092 probable lysR-family transcriptional regulator
0.000 0.000 -1.415 possible secreted protein
0.000 0.000 -1.333 probable nucleotidyltransferase
0.000 0.004 -1.106 possible membrane protein
0.000 0.003 -1.235 possible integral membrane transport protein
0.000 0.003 -1.166 hypothetical protein
0.000 0.002 -1.211 hypothetical protein
0.000 0.000 -1.386 possible large ATP-binding protein
0.000 0,000 -1.477 possible large ATP-binding protein
0.000 0.008 -1.089 hypothetical protein
0.000 0.006 -1.091 nadC, nicotinate-nucleotide pyrophophorylase
0.000 0.001 -1.319 possible transferase
0.000 0.009 -1.069 putative small membrane protein
0.000 0.009 -0.838 possible membrane protein
0.000 0.004 -3.632 probable D-alanine
0.000 0.007 -1.097 putative membrane protein
0.000 0.000 -1.100 possible small membrane protein
0.000 0.002 -1.114 probable response regulator
0.000 0.006 -1.158 possible ABC transporter ATP-binding protein
0.000 0.010 -1.086 probable secreted penicillin binding protein
0.000 0.000 -1.518 possible secreted protein
0.000 0.004 -1.148 hypothetical protein
0.000
0.000
0.000
0.004
-1.271
-1.046
possible molybdopterin-guanine dinucleotide 
biosynthesis protein
bkdC2, probable dihydrolipoamide acyltransferase 
component E2
0.000 0.004 -1.065 probable transcriptional regulator
0.000 0.000 -1.534 possible GntR-family transcriptional regulator
0.000 0.004 -1.119 possible excisionase
0.000 0.009 -1.077 probable integral membrane efflux protein
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ppk < WT log2 average
Functionppk/wt fold
SCO No. Rank P-value pfp change
SCO4036 6 0.000 0.000 -2.463 hypothetical protein
SCO4043 100 0.000 0.001 -1.398 conserved hypothetical protein
SC04077 183 0.000 0.003 -1.281 hypothetical protein
SCO4085 202 0.000 0.004 -1.033 lipoprotein
SC04111 180 0.000 0.003 -1.218 conserved hypothetical protein
SC04141 82 0.000 0.000 -1.272 pstC, phosphate ABC transport system permease protein
SC04145 40 0.000 0.000 -1.626 ppk, polyphosphate kinase
SC04148 225 0.000 0.004 -1.013 probable ABC transport system ATP-binding protein
SC04175 146 0.000 0.002 -1.173 hypothetical protein
SC04188 271 0.000 0.008 -1.040 possible GntR-family transcriptional regulator
SC04221 18 0.000 0.000 -2.084 hypothetical protein
SC04229 45 0.000 0.000 -0.435 possible sensor kinase
SC04254 133 0.000 0.002 -1.257 hypothetical protein
SC04384 5 0.000 0.000 -2.758 possible enoyl CoA hydratase
SC04386 91 0.000 0.001 -1.380 hypothetical protein
SC04388 12 0.000 0.000 -2.562 probable citrate synthase
SCO4401 262 0.000 0.008 -1.094 possible lipoprotein
SC04413 30 0.000 0.000 -1.770 probable araC family transcriptional regulatory protein
SCO4504 1 0.000 0.000 -3.939 possible methyltransferase
SCO4520 21 0.000 0.000 -2.691 hypothetical protein
SC04534 223 0.000 0.004 -1.202 possible membrane protein
SC04543 207 0.000 0.004 -1.091 hypothetical protein
SC04568 152 0.000 0.002 -1.292 nuoG, NADH dehydrogenase subunit
SC04576 97 0.000 0.001 -1.523 hypothetical protein
SC04592 185 0.000 0.003 -1.225 possible integral membrane protein
SC04597 206 0.000 0.004 -1.303 possible two-component system sensor kinase
SC04598 216 0.000 0.004 -1.031 possible two-component system sensor kinase
SC04612 233 0.000 0.005 -1.109 possible amino acid transporter
SC04614 162 0.000 0.002 -1.238 conserved hypothetical protein
SC04689 8 0.000 0.000 -2.485 hypothetical protein
SC04775 292 0.000 0.010 -1.173 pkaH, serine/threonine protein kinase
SC04783 255 0.000 0.006 -1.201 hypothetical protein
SC04787 267 0.000 0.008 -1.079 possible aldolase
SC04796 85 0.000 0.000 -1.329 possible NLP/P60 family secreted protein
SCO4805 293 0.000 0.010 -1.045 hypothetical protein
SC04816 15 0.000 0.000 -1.798 hypothetical protein
SC04821 69 0.000 0.000 -1.494 hypothetical protein
SC04831 285 0.000 0.009 -0.907 probable glycine betaine ABC transport system integral membrane protein
SC04832 137 0.000 0.002 -1.235 possible glycine betaine-binding lipoprotein
SC04847 19 0.000 0.000 -2.147 possible D-alanyl-D-alanine carboxypeptidase
SCO4850 208 0.000 0.004 -1.169 possible tetR-family transcriptional regulator
SC04861 50 0.000 0.000 -1.403 hypothetical protein
SC04864 17 0.000 0.000 -2.089 possible ECF sigma factor
SC04867 7 0.000 0.000 -2.610 possible membrane protein
SC04881 24 0.000 0.000 0.531 possible polysaccharide biosynthesis related protein
SC04959 283 0.000 0.009 -0.952 possible membrane protein
SC04979 49 0.000 0.000 -2.025 probable phosphoenolpyruvate carboxykinase
SCO4980 55 0.000 0.000 -1.454 hypothetical protein
SC04992 210 0.000 0.004 -1.185 hypothetical protein
SC05020 66 0.000 0.000 -1.494 hypothetical protein
SC05179 22 0.000 0.000 -1.992 peptidase
t:
Rank
22
219
79
64
31
32
261
281
296
191
112
109
29
124
43
108
127
23
190
186
104
252
139
171
36
280
274
235
291
135
201
81
154
28
90
151
67
227
122
287
37
142
288
106
290
237
265
218
205
10
165
230
212
ipk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change
Function
0.000 0.000 -1.992 peptidase
0.000 0.004 -1.094 peptidase
0.000 0.000 -1.528 possible ATP-dependent DNA helicase
0.000 0.000 -3.434 hypothetical protein
0.000 0.000 -1.512 aroA2, 3-phosphoshikimate 1-carboxyvinyltransferase
0.000 0.000 -1.762 probable cytochrome P450
0.000 0.008 -1.095 conserved hypothetical protein
0.000 0.009 -0.939 polyketide hydroxylase
0.000 0.010 -1.438 possible transferase
0.000 0.003 -1.237 chiS, chitinase two-component sensor kinase
0.000 0.001 -1.192 possible ABC transporter, integral membrane subunit
0.000 0.001 -1.559 possible ABC transporter ATP-binding subunit
0.000 0.000 -1.702 possible integral membrane transport protein
0.000 0.001 -1.119 pep2A, hypothetical protein
0.000 0.000 -1.000 small hydrophobic membrane protein
0.000 0.001 -1.196 putative 2-isopropylmalate synthase
0.000 0.001 -1.194 hypothetical protein
0.000 0.000 -1.594 ddIA, D-alanine-D-alanine ligase
0.000 0.003 -1.194 me, ribonuclease III
0.000 0.003 -1.208 acy, possible acylphosphatase
0.000 0.001 -1.425 possible transmembrane protein
0.000 0.006 -1.437 hypothetical protein
0.000 0.002 -1.276 possible peptide transport permease
0.000 0.003 -1.268 recX
0.000 0.000 -1.687 probable secreted protein
0.000 0.009 -1.189 probable chitinase (putative secreted protein)
0.000 0.009 -0.497 possible secreted protein
0.000 0.006 -1.103 SecDF, protein-export membrane protein
0.000 0.010 -0.967 possible integral membrane transport protein
0.000 0.002 -1.308 probable transposase
0.000 0.004 -1.305 probable sugar transferase
0.000 0.000 -1.492 probable secreted protein
0.000 0.002 -0.962 hypothetical protein
0.000 0.000 -1.556 probable integral membrane lysyl-tRNA synthetase
0.000 0.000 -2.492 hypothetical protein
0.000 0.002 -1.237 probable beta-glucanase pseudogene fragment
0.000 0.000 -1.465 putative secreted protein
0.000 0.004 -1.056 ta ll, probable transaldolase
0.000 0.001 -1.411 hypothetical protein
0.000 0.010 -1.050 probable transcriptional regulator
0.000 0.000 -2.106 probable zinc-binding alcohol dehydrogenase
0.000 0.002 -1.372 hypothetical protein
0.000 0.010 -1.123 hypothetical protein
0.000 0.001 -1.371 possible secreted protein
0.000 0.009 -1.162 hypothetical protein
0.000 0.006 -0.997 hypothetical protein
0.000 0.008 -1.370 hypothetical protein, partial CDS.Ien
0.000 0.004 -0.955 probable amino acid/metabolite permease
0.000 0.004 -1.247 possible secreted protein
0.000 0.000 -2.311 doubtful CDS
0.000 0.002 -1.401 conserved hypothetical protein
0.000 0.005 -0.875 possible secreted amidase
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SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change
Function
SC07185 78 0.000 0.000 -1.453 probable branched amino acid binding secreted protein
SC07187 111 0.000 0.001 -2.144 possible lipoprotein
SC07195 53 0.000 0.000 -1.717 hypothetical protein
SCO7210 295 0.000 0.010 -1.140 hypothetical protein
SC07214 120 0.000 0.001 -1.420 possible integral membrane protein
SC07215 253 0.000 0.006 -1.167 hypothetical protein
SC07223 128 0.000 0.002 -1.703 possible monooxygenase
SC07265 52 0.000 0.000 -1.527 hypothetical protein
SCO7306 116 0.000 0.001 -1.319 regulatory protein
SCO7340 198 0.000 0.003 -1.177 hypothetical protein
SC07377 258 0.000 0.007 -1.179 hypothetical protein
SC07393 150 0.000 0.002 -1.228 possible lipoprotein
SC07399 148 0.000 0.002 -1,282 possible binding-protein-dependent transport lipoprotein
SCO7406 107 0.000 0.001 -1.304 possible secreted protein
SC07458 289 0.000 0.010 -1.017 possible membrane protein
SCO7509 212 0.000 0.004 -1.023 conserved hypothetical protein (fragment)
SC07577 114 0.000 0.001 -1.151 possible secreted hydrolase
SCO7608 4 0.000 0.000 -2.439 hypothetical protein
SCO7680 149 0.000 0.002 -1.271 possible ABC transporter ATP-binding protein
SC07742 44 0.000 0.000 -2.031 probable MarR-family transcriptional regulator
SC07759 59 0.000 0.000 -1.537 possible DNA-binding protein
SCO7770 94 0.000 0.001 -1.285 hypothetical protein
SC07781 179 0.000 0.003 -1.564 pseudogene, transposase remnant
SC07783 282 0.000 0.009 -0.789 pseudogene, transposase remnant
SC07799 156 0.000 0.002 -1.319 possible transposase
SC07800 182 0.000 0.003 -1.122 hypothetical protein, doubtful CDS
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Table B.4. Up-regulated gene lists used for the S. coelicolor vvk  m utant.
SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change
Function
SCO0011 91 0.000 0.000 0.615 hypothetical protein
SC00020 83 0.000 0.000 1.361 partial CDS, possible transposase
SC00030 198 0.000 0.005 0.797 hypothetical protein
SCO0129 257 0.000 0.010 0.703 hypothetical protein
SC00220 107 0.000 0.000 1.211 hypothetical protein
SCO0232 187 0.000 0.004 0.971 hypothetical protein
SCO0233 150 0.000 0.001 1.589 possible DNA-binding protein
SCO0241 8 0.000 0.000 2.376 possible tranlen
SCO0253 140 0.000 0.001 1.122 probable tetR-family tranlen
SCO0266 55 0.000 0.000 2.170 possible tranlen
SCO0288 51 0.000 0.000 2.189 hypothetical protein
SCO0297 203 0.000 0.005 1.134 possible secreted protein
SCO0312 242 0.000 0.009 0.840 probable acyl-CoA dehydrogenase
SCO0339 77 0.000 0.000 1.313 possible dehydrogenase
SC00400 165 0.000 0.002 0.899 possible epimerase
SCO0493 172 0.000 0.002 3.081 probable ABC-transporter transmembrane protein
SCO0529 191 0.000 0.004 0.972 probable oxidoreductase (putative secreted protein)
SCO0622 131 0.000 0.001 1.196 probable tetR-family tranlen
SCO0637 68 0.000 0.000 1.254 hypothetical protein
SCO0665 208 0.000 0.006 0.836 possible secreted protein
SCO0666 127 0.000 0.001 2.489 catB, catalase (EC 1.11.1.6)
SC00690 216 0.000 0.007 0.823 possible oxidoreductase, molybdopterin binding subunit
SCO0772 184 0.000 0.004 1.713 possible regulatory protein
SCO0865 218 0.000 0.007 1.048 possible integral-membrane protein
SCO0876 139 0.000 0.001 0.959 hypothetical protein
SCO0961 227 0.000 0.008 0.886 glgC, glucose-1-phosphate adenylyltransferase (EC 2.7.7.27)
SCO1012 260 0.000 0.010 0.649 probable oxidoreductase
SCO1053 108 0.000 0.000 0.988 hypothetical protein
SC01161 163 0.000 0.002 0.268 probable integral membrane protein
SC01212 130 0.000 0.001 0.800 possible ligase
S C 01269 217 0.000 0.007 0.789 probable pyruvate dehydrogenase beta subunit
SC01277 193 0.000 0.004 0.441 hypothetical protein
SC01294 178 0.000 0.003 1.037 possible cystathionine gamma-synthase
S C 01459 31 0.000 0.000 1.951 possible amino acid transporter
SCO1505 23 0.000 0.000 1.652 rspD, 30S ribosomal protein S4
SCO1509 246 0.000 0.010 0.896 possible hydrolase
SC01592 232 0.000 0.008 0.675 hypothetical protein
SC01600 136 0.000 0.001 0.997 infC, translation initiation factor IF-3
SC01623 234 0.000 0.008 0.470 hypothetical protein
SC01629 50 0.000 0.000 1.575 cvnB9, hypothetical protein
SC01681 121 0.000 0.000 0.934 probable gluconate dehydrogenase
SC01800 28 0.000 0.000 1.912 possible small secreted protein
SC01821 181 0.000 0.003 0.921 moaA, molybdenum cofactor biosynthesis protein A
SCO1950 133 0.000 0.001 1.024 hypothetical protein
SC02008 27 0.000 0.000 0.978 possible branched chain amino acid binding protein
SC02020 75 0.000 0.000 1.109 hypothetical protein
SCO2026 90 0.000 0.000 1.261 gltB, probable glutamate synthase large subunit
SCO2043 52 0.000 0.000 1.544 trpE3, probable anthranilate synthase component I
SCO2066 185 0.000 0.004 0.930 possible membrane protein
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.............................. ppk < WT l092 average
ppk/wt fold Function 
SCO No. Rank P-value pfp_______change______________
SCO2099 103 0.000 0.000 1.114
SC02193 9 0.000 0.000 2.800
SC02215 12 0.000 0.000 2.227
SCO2401 42 0.000 0.000 1.425
SCO2505 207 0.000 0.006 0.878
SC02563 59 0.000 0.000 1.346
SCO2580 86 0.000 0.000 1.204
SC02593 100 0.000 0.000 1.312
SCO2601 241 0.000 0.009 0.660
SC02656 213 0.000 0.006 0.961
SC02777 35 0.000 0.000 5.926
SC02823 219 0.000 0.007 0.767
SC02826 65 0.000 0.000 1.374
SCO2830 118 0.000 0.000 0.835
SC02838 182 0.000 0.003 0.971
SC02845 87 0.000 0.000 1.214
SC02852 210 0.000 0.006 0.854
SC02857 13 0.000 0.000 2.168
SC02864 109 0.000 0.000 1.143
SC02874 20 0.000 0.000 1.928
SC02877 180 0.000 0.003 1.088
SC02881 112 0.000 0.000 1.040
SCO2890 262 0.000 0.010 0.888
SC02899 211 0.000 0.006 1.395
SC02994 73 0.000 0.000 1.156
SC03007 154 0.000 0.001 0.685
SCO3025 105 0.000 0.000 1.140
SCO3029 240 0.000 0.009 0.893
SCO3042 122 0.000 0.000 1.077
SC03050 119 0.000 0.000 1.078
SCO3075 258 0.000 0.010 0.714
SCO3087 96 0.000 0.000 1.081
SCO3097 124 0.000 0.000 0.932
SC03235 6 0.000 0.000 2.690
SC03294 254 0.000 0.010 0.857
SC03356 60 0.000 0.000 1.237
SC03375 201 0.000 0.005 0.827
SCO3405 171 0.000 0.002 0.952
SCO3409 212 0.000 0.006 0.884
SC03414 89 0.000 0.000 1.516
SCO3430 115 0.000 0.000 1.056
SCO3450 142 0.000 0.001 0.997
SC03451 170 0.000 0.002 0.904
SC03459 157 0.000 0.001 0.929
SC03463 113 0.000 0.000 1.114
SCO3509 26 0.000 0.000 1.718
SC03655 125 0.000 0.000 1.125
SC03721 169 0.000 0.002 0.952
SC03796 117 0.000 0.000 1.006
SCO3805 137 0.000 0.001 0.837
SCO3834 78 0.000 0.000 1.447
hypothetical protein 
lipB, probable lipoate-protein ligase 
possible two-component system sensor kinase 
possible dehydratase
probable ABC-transporter metal-binding lipoprotein
rspT, 30s ribosomal protein S20
possible membrane protein
hypothetical protein
possible integral membrane protein
possible membrane protein
accC, acetyl/propionyl CoA carboxylase alpha subunit 
possible decarboxylase 
hypothetical protein
probable amino acid ABC transporter protein, integral
membrane component
possible secreted endoglucanase
possible GntR-family tranlen
possible membrane protein
possible membrane protein
hypothetical protein, partial CDS
possible oxidoreductase
possible membrane protein
cvnC12, hypothetical protein
possible secreted protein, pseudogene
possible GroES-family molecular chaperone
probable tetR-family tranlen
hypothetical protein
manA, mannose-6-phosphate isomerase
possible L-lactate permease
possible tranlen
hypothetical protein
possible tranlen
possible pseudogene, 646 bp
possible secreted protein
probable ABC transporter
possible transferase
sigE, ECF sigma factor
Lsr2-like protein
hprT, probable hypoxanthine phosphoribosyltransferase 
ppa, probable inorganic pyrophosphatase 
possible tranlen
rpsN, probable 30S ribosomal protein S14
probable RNA polymerase sigma factor (ECF subfamily)
hypothetical protein
hypothetical protein
probable phosphorylase
hypothetical protein
possible spermidine synthase
probable carbonic anhydrase
hypothetical protein
hypothetical protein
probable 3-Hydroxyacyl-CoA dehydrogenase
5:
Rank
205
57
160
19
175
33
72
134
176
147
15
39
40
135
48
155
251
250
245
156
183
5
49
228
79
46
1
120
54
14
235
63
18
236
129
158
30
76
223
85
252
56
114
196
45
111
81
145
64
11
67
216
pk < WT log2 average
ppk/wt fold Function
P-value pfp change
0.000 0.006 0.454 StH24.02, rpmH, probable 50S ribosomal protein L34
0.000 0.000 1.161 rpsF, probable 30S ribosomal protein S6
0.000 0.001 0.827 dnaB, probable replicative DNA helicase
0.000 0.000 4.795 probable serine/threonine protein kinase
0.000 0.003 0.688 hypothetical protein
0.000 0.000 1.437 possible MerR family tranlen
0.000 0.000 1.240 probable thiosulfate sulfurtransferase (fragment)
0.000 0.001 0.941 conserved hypothetical protein
0.000 0.003 0.838 hypothetical protein
0.000 0.001 0.943 possible integral membrane protein
0.000 0.000 2.239 possible membrane protein
0.000 0.000 1.636 hypothetical protein
0.000 0.000 1.526 hypothetical protein
0.000 0.001 1.059 conserved hypothetical protein
0.000 0.000 1.492 conserved hypothetical protein
0.000 0.001 0.976 possible hydrolytic protein
0.000 0.010 0.823 probable histidine autokinase
0.000 0.010 0.870 hypothetical dimeric protein
0.000 0.009 0.802 possible sugar kinase
0.000 0.001 1.147 cold shock protein
0.000 0.003 0.747 probable calcium binding protein
0.000 0.000 2.822 possible tetR-family tranlen
0.000 0.000 1.494 possible secreted protein
0.000 0.008 0.947 possible D-alanyl-D-alanine carboxypeptidase
0.000 0.000 1.114 hypothetical protein
0.000 0.000 1.505 probable phosphoglycerate mutase
0.000 0.000 3.392 probable octaprenyltransferase
0.000 0.000 1.175 possible ABC transporter integral membrane protein
0.000 0.000 1.354 nuoJ2, NADH dehydrogenase subunit
0.000 0.000 2.060 nuoK2, NADH dehydrogenase subunit
0.000 0.008 0.578 possible ATP-binding protein
0.000 0.000 1.294 hypothetical protein
0.000 0.000 1.952 hypothetical protein
0.000 0.009 0.471 hypothetical protein (fragment)
0.000 0.001 1.043 possible ATP/GTP binding protein
0.000 0.001 0.936 rpmG3, 50S ribosomal protein L33
0.000 0.000 1.640 rpIL, 50S ribosomal protein L7/L12
0.000 0.000 1.236 rpoC, DNA-directed RNA polymerase beta' chain(fragment)
0.000 0.007 0.619 rpsG, 30S ribosomal protein S7
0.000 0.000 1.133 fusA, elongation factor G
0.000 0.010 0.915 possible membrane protein
0.000 0.000 1.447 rpsJ, 30S ribosomal protein S10
0.000 0.000 1.158 rpIC, 50S ribosomal protein L3
0.000 0.004 0.895 rplW, 50S ribosomal protein L23
0.000 0.000 1.518 rplB, 50S ribosomal protein L2
0.000 0.000 0.965 rpsS, 30S ribosomal protein S19
0.000 0.000 1.155 rpmC, 50S ribosomal protein L29
0.000 0.001 0.828 rpIN, 50S ribosomal protein L14
0.000 0.000 1.077 rplE, 50S ribosomal protein L5
0.000 0.000 2.358 conserved hypothetical protein
0.000 0.000 1.344 hypothetical protein
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ppk < WT 1°92 average
ppk/w tfo ld  Function 
SCO No. Rank P-value pfp_______change______________
possible serine/threonine protein kinaseSC04817 153 0.000 0.001 0.608
SC04818 93 0.000 0.000 1.021
SCO4820 47 0.000 0.000 1.449
SC04834 106 0.000 0.000 1.173
SC04835 94 0.000 0.000 1.131
SC04845 173 0.000 0.002 0.495
SC04885 97 0.000 0.000 1.216
SC04887 123 0.000 0.000 1.071
SC04889 204 0.000 0.006 0.789
SC04934 239 0.000 0.009 0.906
SCO4970 146 0.000 0.001 1.013
SCO5021 179 0.000 0.003 0.589
SCO5034 99 0.000 0.000 1.149
SCO5036 132 0.000 0.001 0.981
SCO5043 2 0.000 0.000 4.508
SCO5062 261 0.000 0.010 0.859
SC05157 243 0.000 0.009 0.807
SC05198 164 0.000 0.002 2.140
SC05234 24 0.000 0.000 1.624
SCO5240 61 0.000 0.000 1.277
SC05251 209 0.000 0.006 0.668
SC05286 70 0.000 0.000 1.130
SC05346 192 0.000 0.004 0.914
SCO5380 229 0.000 0.008 0.737
SC05453 195 0.000 0.004 0.918
SC05458 214 0.000 0.007 0.852
SC05479 151 0.000 0.001 1.118
SC05551 259 0.000 0.010 1.087
SC05571 144 0.000 0.001 0.837
SC05618 263 0.000 0.010 0.813
SC05622 194 0.000 0.004 0.883
SC05628 84 0.000 0.000 4.759
SC05637 138 0.000 0.001 0.701
SC05672 186 0.000 0.004 0.883
SC05681 92 0.000 0.000 1.161
SC05736 168 0.000 0.002 0.921
SC05818 36 0.000 0.000 1.425
SC05827 44 0.000 0.000 1.433
SC05842 148 0.000 0.001 0.966
SC05846 101 0.000 0.000 1.079
SCO5870 16 0.000 0.000 2.070
SC06002 149 0.000 0.001 0.469
SCO6034 167 0.000 0.002 0.933
SCO6039 162 0.000 0.002 0.872
SC06080 62 0.000 0.000 1.331
SCO6084 174 0.000 0.003 0.663
SCO6092 74 0.000 0.000 1.280
SCO6096 41 0.000 0.000 1.183
SC06225 249 0.000 0.010 0.391
SC06229 43 0.000 0.000 1.468
SC06233 128 0.000 0.001 0.629
hypothetical protein
possible serine/threonine protein kinase 
conserved hypothetical protein 
conserved hypothetical protein 
possible integral membrane protein 
probable lipoprotein
probable sugar ABC transporter integral membrane 
protein
probable cytidine deaminase 
possible lipoprotein 
hypothetical protein 
possible lipoprotein 
possible integral membrane protein 
hypothetical protein
probable hydrolase (putative membrane protein) 
hypothetical protein 
probable metal-transport protein 
hypothetical protein
possible sugar transporter integral membrane protein
wblE, hypothetical protein
pat, acetyltransferase
probable secreted hydrolase
hypothetical protein
possible membrane protein
possible integral membrane protein
possible lipoprotein
probable oligopeptide ABC transporter ATP-binding 
protein
hypothetical protein 
rpmF, 50S ribosomal protein L32 
hypothetical protein prophage gene 
possible tranlen
probable integral membrane protein
mutT-like protein
hypothetical protein
possible glycosyl transferase
rpsO, 30S ribosomal protein S15
probable ABC transporter
probable transmembrane transport protein
hypothetical protein
putative secreted protein
probable ABC-transporter ATP binding protein
putative membrane protein
hypothetical protein
probable flavoprotein oxidoreductase
possible dehydrogenase
possible DNA polymerase
conserved hypothetical protein
probable lipoprotein
probable secreted protein
probable sugar transport system permease protein
probable tranlen
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 ..........  ppk < WT Io92 average
ppk/w tfo ld  Function 
SCO No. Rank P-value pfp_______change______________
SCO6240 29 0.000 0.000 1.097
SCO6290 7 0.000 0.000 2.419
SC06294 95 0.000 0.000 0.752
SC06314 25 0.000 0.000 1.588
SC06431 237 0.000 0.009 0.744
SC06436 10 0.000 0.000 2.328
SC06439 200 0.000 0.005 0.926
SCO6450 80 0.000 0.000 0.677
SC06467 238 0.000 0.009 4.799
SC06481 244 0.000 0.009 0.846
SC06487 143 0.000 0.001 1.061
SCO6501 230 0.000 0.008 0.271
SC06518 197 0.000 0.005 0.887
SC06522 222 0.000 0.007 0.899
SCO6530 159 0.000 0.001 1.011
SC06543 177 0.000 0.003 0.847
SC06555 248 0.000 0.010 6.108
SC06636 88 0.000 0.000 3.196
SC06653 255 0.000 0.010 0.792
SCO6680 166 0.000 0.002 0.893
SC06684 225 0.000 0.008 0.800
SCO6702 190 0.000 0.004 0.546
SCO6710 141 0.000 0.001 0.547
SC06838 152 0.000 0.001 1.123
SC06847 71 0.000 0.000 1.349
SC06856 104 0.000 0.000 0.989
SCO6860 188 0.000 0.004 0.950
SCO6890 4 0.000 0.000 2.813
SCO7023 69 0.000 0.000 1.420
SCO7028 110 0.000 0.000 1.189
SCO7044 53 0.000 0.000 1.350
SCO7058 3 0.000 0.000 2.864
SCO7066 82 0.000 0.000 1.270
SC07070 34 0.000 0.000 1.633
SC07117 116 0.000 0.000 0.972
SCO7209 189 0.000 0.004 0.907
SC07237 58 0.000 0.000 1.478
SCO7250 233 0.000 0.008 0.849
SC07254 102 0.000 0.000 1.188
SCO7301 247 0.000 0.009 0.827
SC07336 66 0.000 0.000 1.217
SC07414 224 0.000 0.008 0.774
SC07452 215 0.000 0.007 0.832
SC07467 98 0.000 0.000 1.129
SC07483 202 0.000 0.005 0.887
SC07512 32 0.000 0.000 1.649
SCO7550 226 0.000 0.008 0.815
SC07641 231 0.000 0.008 0.817
SC07658 161 0.000 0.002 1.002
SC07822 37 0.000 0.000 1.604
SC07826 126 0.000 0.001 1.464
hypothetical protein
hypothetical protein
possible gntR-famiiy regulatory protein
SCIF3.16c. Similar to TR
probable peptide synthase
probable tRNA synthetase
possible DNA-binding protein
conserved hypothetical protein
probable integral membrane protein, possible
phosphatidylserine synthase
conserved hypothetical protein
possible aminoacylase
gvpF, probable gas vesicle synthesis protein
probable tranlen
hypothetical protein
hypothetical protein
hypothetical protein
LysR-family tranlen
pgiz
probable integral membrane protein
probable oxidoreductase alpha subunit
ramB, probable ABC transporter
pcaJ, probable 3-oxoadipate CoA-transferase subunit B
possible glycosyl hydrolase
possible monooxygenase
hypothetical protein
hypothetical protein
hypothetical protein
possible secreted protein
hypothetical protein
possible sugar-binding lipoprotein
possible integral membrane protein
possible integral membrane protein
fadH, 2,4-dienoyl-CoA reductase [NADPH]
hypothetical protein
probable ferredoxin reductase
doubtful CDS
possible secreted protein
hypothetical protein
probable myo-inositol dehydrogenase
hypothetical protein
pepA, hypothetical protein
possible integral membrane protein
possible O-methyltransferase
hypothetical protein
conserved hypothetical protein
probable AraC-family tranlen
possible secreted hydrolase
possible dehydrogenase
hypothetical protein
probable prolipoprotein diacylglyceryl transferase 
Hypothetical protein
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Appendix B.2. S. lividans significant data sets (pfp < 0.1)
Table B.5. Down-regulated gene lists used for the A  lividans nhoP  m utant.
SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
PhoP/wt fold 
change Function
SCO0185 7 0.000 0.017 -0.567 putative geranylgeranyl pyrophosphate synthase
SCO0196 13 0.000 0.141 -0.566 hypothetical protein
SC00209 51 0.002 0.364 -0.658 hypothetical protein
SCO0288 12 0.000 0.111 -0.625 hypothetical protein
SCO0416 6 0.000 0.017 -0.434 probable integral membrane protein
SC00740 4 0.000 0.013 -0.206 putative hydrolase
SCO0779 53 0.002 0.351 -1.962 conserved hypothetical protein
SCO0813 33 0.001 0.297 -0.258 putative oxidoreductase
SCO0849 29 0.001 0.284 -0.514 putative membrane protein.
SCO0946 23 0.000 0.168 0.247 putative regulatory protein
SC01448 40 0.002 0.313 -0.519 putative transport protein
SC01557 48 0.002 0.324 0.940 putative lipoprotein
SC01866 31 0.001 0.306 -0.656 putative condensing enzyme
SC01968 3 0.000 0.000 -1.389 putative secreted hydrolase
SC02271 50 0.002 0.325 -0.621 hypothetical protein
SC02421 27 0.001 0.248 -0.341 putative ABC-transporter integral membrane protein
SC02488 32 0.001 0.304 -0.527 putative nitrite reductase small subunit NirC
SC02535 28 0.001 0.240 -0.121 conserved hypothetical protein
SC02587 18 0.000 0.121 -0.392 glutamate 5-kinase.
SC02614 30 0.001 0.305 -0.570 folylpolyglutamate synthase
SC02628 9 0.000 0.038 -0.603 putative amino acid permease
SC03594 37 0.002 0.319 -0.165 putative D-lactate dehydrogenase
SC03624 2 0.000 0.000 -1.714 hypothetical protein
SC03812 11 0.000 0.088 -0.172 putative gntR-family transcriptional regulator
SC03849 22 0.000 0.161 -1.012 putative integral membrane protein
SCO4051 42 0.002 0.308 -0.635 conserved hypothetical protein
SC04141 21 0.000 0.159 -0.688 PstC; phosphate ABC transport system permease protein
SC04142 1 0.000 0.000 -1.775 PstS; phosphate-binding protein precursor
SC04145 8 0.000 0.031 -0.829 ppk; polyphosphate kinase
SC04177 45 0.002 0.309 -2.043 conserved hypothetical protein
SC04335 20 0.000 0.126 -0.547 hypothetical protein
SCO4705 49 0.002 0.319 -0.308 50S ribosomal protein L2
SC04741 41 0.002 0.309 -0.481 hypothetical protein
SC04872 25 0.001 0.229 -0.658 hypothetical protein
SC04935 54 0.003 0.377 -0.429 putative integral membrane protein
SC05158 10 0.000 0.065 0.680 hypothetical protein
SC05169 35 0.001 0.308 -0.310 putative ATP-binding protein
SCO5210 43 0.002 0.315 0.245 putative molecular chaperone
SCOS391 24 0.001 0.166 -0.500 putative ATP/GTP-binding protein
SC05531 17 0.000 0.128 -0.818 putative integral membrane protein
SC05583 26 0.001 0.248 -0.539 ammonium transporter
SC05629 44 0.002 0.314 -0.574 putative ATP /GTP-binding protein
SC05642 55 0.003 0.398 -0.594 hypothetical protein
SC05643 34 0.001 0.302 -0.531 hypothetical protein
SC05861 15 0.000 0.137 -0.387 hypothetical protein
SC05875 38 0.002 0.324 -2.790 putative potassium uptake protein
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SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
PhoP/wtfold 
change
Function
SC06546 5 0.000 0.016 -0.318 putative secreted cellulase
SC06673 19 0.000 0.128 -0.523 conserved hypothetical protein
SC07244 36 0.001 0.318 -0.351 probable long-chain-fatty-acid-CoA ligase.
SCO7603 52 0.002 0.358 -0.406 putative LysR-family transcriptional regulator
SC07743 47 0.002 0.325 -0.496 hypothetical protein
SC07771 14 0.000 0.146 -0.302 pseudogene, conserved hypothetical protein
Table B.6. Up-regulated gene lists used for the S. lividans vhoP  m utant.
SCO No. Rank
ppk <WT 
P-value pfp
log2 average 
PhoP/wt fold 
change Function
SCO0242 35 0.000 0.075 0.740 conserved hypothetical protein
SCO0261 20 0.000 0.019 0.301 putative acetyltransferase
SCO0277 3 0.000 0.000 0.850 hypothetical protein
SCO0768 14 0.000 0.009 1.220 putative lipoprotein
SCO0772 40 0.000 0.094 0.210 putative regulatory protein
SCO0956 26 0.000 0.028 4.581 hpothetical protein
SCO0975 29 0.000 0.046 1.073 6-phosphogluconate 1 -dehydrogenase
SCO1012 34 0.000 0.075 0.802 putative oxidoreductase
SCO1049 18 0.000 0.014 0.474 putative secreted oxidoreductase
SCO1068 5 0.000 0.002 0.859 conserved hypothetical protein
SC01353 10 0.000 0.005 0.512 putative transcriptional regulator
S C 01381 7 0.000 0.003 0.330 conserved hypothetical protein
S C 01943 12 0.000 0.009 0.737 putative electron transport protein
SC02499 21 0.000 0.024 0.982 putative transport ATPase
SCO2809 6 0.000 0.003 0.871 putative membrane protein
SC02852 32 0.000 0.067 0.084 putative membrane protein.
SC02934 41 0.000 0.092 0.547 putative secreted protein
SC03338 9 0.000 0.002 0.598 putative integral membrane protein
SC03373 23 0.000 0.028 0.539 putative Clp-family ATP-binding protease
SC03377 1 0.000 0.000 0.937 hypothetical protein
SC03398 38 0.000 0.086 1.943 putative dihydropteroate synthase
SC03422 25 0.000 0.028 0.633 hypothetical protein
SC03497 31 0.000 0.062 0.589 putative polyguluronate lyase precursor
SC03625 28 0.000 0.028 0.741 hypothetical protein
SC03729 8 0.000 0.003 0.777 putative regulatory protein
SC03752 33 0.000 0.070 0.663 putative ABC transporter ATP-binding protein
SC03933 4 0.000 0.000 1.804 putative regulatory protein
SCO4053 42 0.001 0.099 0.551 putative transport integral membrane protein
SC04345 43 0.001 0.100 0.903 hypothetical protein
SC04819 27 0.000 0.029 0.810 putative secreted protein
SC04954 2 0.000 0.000 0.571 hypothetical protein
SCO5023 16 0.000 0.011 0.520 putative secreted protein
SC05158 17 0.000 0.011 0.680 hypothetical protein
SC05237 19 0.000 0.014 0.416 putative oxidoreductase
SC05614 15 0.000 0.010 0.688 putative transcriptional regulator
SC05627 22 0.000 0.027 0.842 ribosome recycling factor
SC05639 39 0.000 0.090 0.191 hypothetical protein
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SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
PhoP/wt fold 
change Function
SCO5640 37 0.000 0.083 0.645 hypothetical protein
SCO5760 36 0.000 0.073 1.018 DNA glycosylase
SCO5840 13 0.000 0.008 1.343 transcriptional regulator
SCO6380 24 0.000 0.029 0.580 hypothetical protein
SC06671 11 0.000 0.009 0.963 conserved hypothetical protein
Table B.7. Down-regulated gene lists used for the S. lividans vvk  m utant.
SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change Function
SC00076 52 0.001 0.224 -0.250 putative transposase
SC00089 30 0.001 0.155 -0.530 putative transcriptional regulator
SCO0161 11 0.000 0.047 -0.641 hypothetical protein
SCO0185 63 0.002 0.244 -0.410 putative geranylgeranyl pyrophosphate synthase
SCO0373 32 0.001 0.160 -0.273 putative secreted protein
SCO0556 50 0.001 0.225 -0.393 hypothetical protein
SC00704 45 0.001 0.238 0.366 putative DNA-binding protein (pseudogene).
SC00740 2 0.000 0.000 -1.237 putative hydrolase
SCO0742 6 0.000 0.010 -0.796 ABC transporter,putative ABC transporter ATP-binding protein
SCO0868 31 0.001 0.165 -0.095 putative regulatory protein.
SCO0946 5 0.000 0.004 -0.735 putative regulatory protein
SCO0966 49 0.001 0.224 -0.562 putative dehydratase
SC 01049 14 0.000 0.057 -0.290 putative secreted oxidoreductase
SC01144 16 0.000 0.064 -0.799 putative ABC transporter ATP-binding protein
SC01322 18 0.000 0.079 -0.621 hypothetical protein
SC01327 46 0.001 0.233 -0.674 putative integral membrane protein
SC01331 47 0.001 0.229 -0.844 putative multi-domain regulatory protein
SC01486 56 0.002 0.222 -0.301 Dihydroorotase
SCO1508 40 0.001 0.229 -0.130 histidyl tRNA synthetases
SC01524 13 0.000 0.058 -0.599 putative membrane protein
SC01851 64 0.002 0.249 -0.143 cob(l)alamin adenosyltransferase
SC01968 51 0.001 0.229 -0.456 putative secreted hydrolase
SC02421 61 0.002 0.238 0.337 putative ABC-transporter integral membrane protein
SC02488 25 0.000 0.132 -0.679 putative nitrite reductase small subunit NirC
SC02628 41 0.001 0.230 -0.513 putative amino acid permease
SC02828 35 0.001 0.183 -0.316 probable amino acid ABC transporter protein
SCO3140 28 0.000 0.126 -0.352 putative membrane protein
SC03373 27 0.000 0.127 0.564 putative CIp-family ATP-binding protease
SC03449 62 0.002 0.241 -0.233 hypothetical protein
SC03624 1 0.000 0.000 -0.249 hypothetical protein
SC03718 53 0.001 0.221 -0.623 putative cation transport system component
SC03812 33 0.001 0.155 -0.402 putative gntR-family transcriptional regulator
SC04145 8 0.000 0.010 -0.968 polyphosphate kinase
SCO4540 55 0.002 0.217 -0.631 hypothetical protein
SC04741 4 0.000 0.005 -0.960 hypothetical protein
SC04935 10 0.000 0.044 -0.790 putative integral membrane protein
SC04979 9 0.000 0.039 -1.546 putative phosphoenolpyruvate carboxykinase
SC05127 24 0.000 0.099 -0.664 putative integral membrane protein
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SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change Function
SC05158 7 0.000 0.010 -0.347 hypothetical protein
SC05356 17 0.000 0.078 -0.601 homoserine kinase
SC05372 60 0.002 0.234 -0.253 ATP synthase gamma chain
SC05391 19 0.000 0.084 -0.266 putative ATP/GTP-binding protein
SC05531 15 0.000 0.065 -0.933 putative integral membrane protein
SC05553 34 0.001 0.172 -0.521 3-isopropylmalate dehydratase large subunit
SC05642 22 0.000 0.103 -0.601 hypothetical protein
SC05665 23 0.000 0.100 -0.322 conserved hypothetical protein
SCO5730 44 0.001 0.239 -0.473 hypothetical protein
SC05861 21 0.000 0.095 0.114 hypothetical protein
SC05875 58 0.002 0.233 -2.787 putative potassium uptake protein
SC06333 12 0.000 0.053 -0.488 putative integral membrane protein
SCO6380 54 0.002 0.219 -0.477 hypothetical protein
SCO6504 43 0.001 0.237 -0.263 conserved hypothetical protein
SC06682 48 0.001 0.225 -0.519 hypothetical protein
SC06764 26 0.000 0.127 -0.548 putative squalene-hopene cyclases
SC06772 42 0.001 0.230 -0.488 conserved hypothetical protein
SCO6808 3 0.000 0.003 -0.270 putative ArsR-family transcriptional regulator
SC07457 39 0.001 0.224 -0.435 hypothetical protein
SCO7730 57 0.002 0.237 -0.619 conserved hypothetical protein
SC07738 37 0.001 0.208 -0.633 conserved hypothetical protein
SC07742 38 0.001 0.227 -0.436 putative MarR-family transcriptional regulator
SC07743 20 0.000 0.099 -0.634 hypothetical protein
Table B.8. U p-regulated gene lists used for the S. coelicolor ppk  m utant.
SCO No. Rank
ppk < WT 
P-value pfp
log2 average 
ppk/wt fold 
change Function
SCO0132 7 0.000 0.036 0.817 probable transcriptional regulator
SCO0136 35 0.001 0.112 0.653 putative integral membrane protein
SCO0190 40 0.001 0.111 1.269 putative methyltransferase
SCO0277 64 0.001 0.182 0.372 hypothetical protein SCF85.05c
SCO0322 33 0.000 0.113 0.702 putative ABC transport ATP-binding subunit
SCO0519 45 0.001 0.142 -0.369 putative oxidoreductase
SCO0661 47 0.001 0.179 0.722 putative binding protein dependent transport protein.
SC00704 13 0.000 0.040 0.366 putative DNA-binding protein (pseudogene).
SCO0732 22 0.000 0.050 0.769 putative secreted protease
SCO0975 29 0.000 0.086 1.426 6-phosphogluconate 1-dehydrogenase
SCO1109 41 0.001 0.116 0.548 putative oxidoreductase
SCO1140 49 0.001 0.174 0.474 putative integral membrane protein
SC01166 71 0.002 0.190 0.525 putative integral membrane protein
SC01279 46 0.001 0.171 0.557 putative secreted protein
SC01289 56 0.001 0.187 0.584 putative gntR-family regulatory protein
SC01314 27 0.000 0.082 0.714 putative sugar acetyltransferase
SC01318 11 0.000 0.045 0.646 putative membrane protein
SC01363 23 0.000 0.052 0.796 putative integral membrane protein
SCO1550 8 0.000 0.035 1.150 putative small membrane protein
SC 01927 19 0.000 0.046 0.679 putative aminoglycoside acetyltransferase
SCO2102 10 0.000 0.041 0.832 putative membrane protein
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ppk < WT lo92 average
ppk/wt fold
SCO No. Rank P-value pfp change Function______________
putative regulatory proteinSC02213 70 0.002 0.184 0.184
SCO2408 57 0.001 0.184 0.751
SC02581 24 0.000 0.058 0.554
SCO2690 66 0.002 0.188 0.445
SCO2809 42 0.001 0.139 0.608
SCO2907 9 0.000 0.033 0.778
SCO3108 32 0.000 0.110 0.416
SC03148 54 0.001 0.192 0.713
SC03289 53 0.001 0.187 0.438
SCO3330 38 0.001 0.109 0.671
SC03373 68 0.002 0.188 0.564
SC03552 30 0.000 0.084 0.801
SC03748 67 0.002 0.187 0.622
SC03752 59 0.001 0.179 0.496
SC03931 69 0.002 0.186 0.602
SC03951 18 0.000 0.045 2.547
SCO4061 62 0.001 0.183 0.372
SC04141 4 0.000 0.000 1.415
SC04142 1 0.000 0.000 1.434
SC04146 52 0.001 0.177 0.565
SCO4150 51 0.001 0.177 0.564
SC04228 5 0.000 0.016 1.029
SC04229 43 0.001 0.138 0.662
SCO4230 31 0.000 0.098 0.698
SCO4306 17 0.000 0.046 0.780
SC04754 26 0.000 0.060 0.898
SC04878 3 0.000 0.000 1.268
SC04879 34 0.000 0.111 0.746
SC04881 2 0.000 0.000 1.527
SCO4902 21 0.000 0.046 0.686
SCO5023 15 0.000 0.049 0.438
SCO5089 14 0.000 0.049 0.787
SC05153 60 0.001 0.180 0.681
SC05156 39 0.001 0.107 0.827
SC05166 48 0.001 0.176 1.902
SC05171 36 0.001 0.109 0.765
SCO5307 61 0.001 0.179 0.632
SC05768 20 0.000 0.047 0.742
SC05773 50 0.001 0.173 1.558
SC05926 44 0.001 0.142 0.625
SC06123 12 0.000 0.043 0.797
SCO6130 55 0.001 0.189 0.433
SC06172 63 0.001 0.181 0.801
SC06586 28 0.000 0.081 0.597
SC06743 37 0.001 0.111 0.656
SC06774 58 0.001 0.181 0.605
SC07523 25 0.000 0.062 0.777
SC07575 65 0.002 0.186 1.416
SC07747 6 0.000 0.023 0.949
putative aminotransferase 
putative membrane protein, 
putative membrane transport protein 
putative membrane protein 
putative PTS transmembrane component 
conserved hypothetical protein 
putative isopentenyl monophosphate kinase 
putative large membrane protein 
putative acetoin utilization protein 
putative Clp-family ATP-binding protease 
putative membrane protein 
cold shock protein
putative ABC transporter ATP-binding protein
hypothetical protein
hypothetical protein SCD78.18c
hypothetical protein 2SCD60.27c
phosphate ABC transport system permease protein
phosphate-binding protein precursor
putative ECF subfamily sigma factor
putative ABC transport system transmembrane protein
putative phosphate transport system regulator
putative sensor kinase
putative response regulator
hypothetical protein SCD95A.39c
putative transcriptional regulator
putative glycosyltransferase
conserved hypothetical protein
putative polysaccharide biosynthesis related protein
putative secreted protein
putative secreted protein
actinorhodin polyketide synthase acyl carrier protein
putative integral membrane protein
hypothetical protein SCP8.19C
putative helicase
hypothetical protein SCP8.34c
hypothetical protein
hypothetical protein SC4H8.07c
possible monooxygenase
conserved hypothetical protein
putative quinone binding protein
hypothetical protein SC9B2.17
putative oxidoreductase
succinyl-coa synthetase alpha chain
putative transcriptional accessory protein
conserved hypothetical protein
putative chaperone
putative secreted hydrolase
conserved hypothetical protein
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Appendix C; QT clustering supplementary data
Appendix C.l. Cluster sets for the S. coelicolor phoP and pyk mutants (Chanter 4) 
Table C.l. Down regulated QT Clustering sets from S. coelicolor MT1110 and phoP mutant
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7
SCO1048 SCO0812 SCO0624 SCO0161 SCO0619 SCO0611 SCO0422
SC01565 SC01010 SCO2201 SC03314 SC01961 SC01814 SCO1601
SC01968 SCO1606 SC05612 SC05934 SC04881 SC03786 SCO4406
SC03484 SC01982 SC06229 SC07141 SC06252 SC05625 SCO5406
SC04141 SC04597 SC07623 SC07352 SC07435 SC07247 SC07622
SCO4230 SC07223 SC07645 SC07738 SC07486
SCO5408 SC07431
Table C.2. Up regulated QT Clustering sets from S. coelicolor MT1110 and phoP mutant
Set 1 Set 2 Set 3 Set 4 Set 5
SC02328 SCO0958 SC 01254 SC02949 S C 01349
SC02471 SCO1407 SC02553 SC04355 S C 01548
SC03294 SC02728- SC02751 SC05151 SCO1960
SC04155 SC03953 SC02793 SC05962 SC02752
SC04156 SC04442 SC02952 SC07385 SC07781
SC04157
SC04188
SCO4970
SC05172
SC05287
SCO5705
SC05975
SCO6046
SC07179
SCO5606 SCO4150 SC07572
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Table C.3. Down regulated QT Clustering sets from S. coelicolor MT1110 and ppk  m utant
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6
SC00210 SCO0846 SCO0178 SC00005 SC00005 SC01575
SCO0788 SCO0953 SC01977 SC01171 SC01171 SC02166
SC00805 SCO1140 SC01994 SC02557 SC02557 SC02862
SCO0859 SC 01403 SC02535 SC02562 SC02562 SCO3309
SCO1130 SC01634 SC02561 SC02565 SC02565 SCO4043
SC01372 SCO1820 SC02929 SCO3160 SCO3160 SC04221
SC 01564 SCO1830 SC03563 SCO3560 SCO3560 SC04783
SC01649 SC02199 SC04592 SC04388 SC04388 SC04867
SC01686 SCO2203 SC04728 SC04787 SC04787 SC05879
SC02172 SC03545 SC05349 SC06362 SC06362 SC06132
SC02762 SC04148 SC06891 SC07195 SC07195
SC03369 SC04443
SC03645 SC04611
SC04992 SC04864
SC05179 SC05216
SC05579 SC06791
SC06337 SCO7680
SC06923
Table C.4. Up regulated QT Clustering sets from S. coelicolor MT1110 and p p k  m utant
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9
SC00202 SCO0665 SCO0269 S C 01950 SC02145 SCO2019 SCO0494 SC01894 SCO0664
SCO0339 SCO1505 SCO0677 SC02454 SCO2170 SC02819 S C 01063 SCO2099 SC02212
SCO0529 SCO2026 SCO0865 SC02845 SC02329 SC03651 SC01692 SC02293 SC03235
SC01554 SC02181 S C 01083 SC02857 SC03348 SCO4210 SCO2061 SCO3091 SC04213
SC01563 SCO2580 SC01459 SCO2901 SCO3450 SC06695 SC02162 SC03477 SCO5043
SC01629 SC02593 SC02874 SCO3025 SC04421 SC06847 SCO3870 SC03721 SC05818
SC01800 SC02596 SCO3042 SCO3405 SC04665 SCO6860 SC04275 SC03891 SC06226
SC02328 SCO2620 SC03848 SC03559 SC05458 SCO7032 SC04455 SC04256 SC06653
SC02563 SCO3097 SC04286 SC04834 SC05842 SC07070 SC04586 SCO5709 SC06838
SC02947 SCO3906 SC04885 SC04835 SC05846 SC07254 SCO6680 SC06497 SC07245
SC03294 SC04559 SC05671 SCO4920 SC06886 SC07452 SCO7066 SC06522
SCO3409 SC04635 SCO5705 SCO5034
SCO3509 SCO4660 SCO6066 SC05639
SC04174 SC04661 SCO6074
SC04200 SCO4702 SC06080
SC04216 SCO4706 SC06293
SC04442 SCO4710 SC06538
SC04491 SC04714 SCO6890
SCO4501 SCO5380 SCO7076
SCO4605 SC05571 SC07628
SC04653 SC05724
SC04655 SC05736
SCO4705
SC04745
SC04969
SCO4970
SC05287
SC05346
SC07169
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Appendix C.2. Individual gene profiles for S. coelicolor genes mentioned in QT analysis 
(Chapter 4).
MT1110 phoP
Figure C .l. Down regulated in S. coelicolor phoP  mutant; set 3 with pntB  on the secondary axis 
(right axis)
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Figure C.2. Up regulated in S. coelicolor phoP  mutant; set 1 (left), set 3 &  4 (right)
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« ► -4---------------------►
MT1110 ppk
Figure C.4. Up regulated in S. coelicolor ppk  mutant; SCO6066 (set 3)
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Figure C.5. Down regulated in S. coelicolor ppk  mutant; set 2 (left) and set 3 (right), with SC02562  
on the secondary axis (right axis)
Figure C.6. Down regulated in S. coelicolor ppk  mutant; set 5 with SC04612 on the secondary axis 
(right axis)
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A p p en d ix  C .3. C lu s te r  sets fo r  th e  S. lividans p h o P  an d  p p k  m u ta n ts  (C h a n te r  5)
Table C.5. Down regulated QT Clustering sets from S. lividans TK24 and phoP  m utant
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Set 10 Set 11
SCO0849 SC04661 SC01196 SC00209 SCO0178 SC05358 SCO0813 SC00075 SC01327 SC01466 SC03234
SCO0922 SCO4705 SC01628 SCO0578 SCO1340 SC06333 SC01385 SC02796 SC04741 SCO2064 SC03455
SCO1048 SCO4706 SC02849 SC01179 SC05348 SC06764 SC02784 SC03447 SCO5730 SC04375 SCO4047
SC01241 SCO4710 SCO3022 SC 01569 SC06465 SC06772 SCO6220 SC04200 SC06956 SC05665 SC04872
SC01448
SC02431
SC02628
SC03918
SCO4051
SC05643
SC04714
SC04718
SC05591
SC04177
SCO5018
SCO5059
SC04158
SC07793
SCO7770 SC07743 SC07399 SC04576 SCO7804 SC07278 SC07297
Table C.6. Up regulated QT Clustering sets from S. lividans TK24 and phoP  m utant
Set 1 Set 2 Set 3 Set 4 Set 5 Set6 Set 7 Set 8
SCO0755 SC00071 SC00002 SCO0143 SC01363 SCO0269 SCO0366 SCO0277
SCO0772 SC00460 SC00203 SC01312 SC02557 SCO0393 SC03300 SCO0349
SCO0956 SCO0842 SCO0846 SC02700 SC02747 SCO1068 SCO3309 SCO0379
SC01153 SC00850 SC01185 SC03497 SC03553 SC01263 SC03526 SC02006
SC01349 SCO1041 SCO1250 SCO3720 SCO4980 SC01461 SC03716 SC02441
SC01357 SCO1053 SC01978 SCO3809 SCO5560 SC 01550 SC03729 SC02591
SC01758 SC01221 SC03568 SCO3901 SCO6380 SC 01934 SC05334 SC06259
SC01951 SC01616 SCO6051 SC06332 SC06384 SCO4027 SC06611 SC07747
SC02352 SCO2014 SC06788 SC06941 SC07175 SC04311
SC02751 SC02224 SC07249 SC07341
SC02939 SCO2809
SC03139 SC02818
SC03756 SC03629
SC04538 SC05216
SC04779 SC05434
SC06582 SC07578
SC06778
SC06786
SC07376
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Table C.7. Down regulated QT Clustering sets from S. lividans TK24 and ppk  m utant
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8
SCO0161 SC01256 SCO0769 SC00061 SCO0859 SC00205 SCO0112 SCO0679
SCO0292 SCO1260 SC03935 SC01434 SCO2064 SC01376 SCO0868 SC02663
SCO0373 SC01646 SC04126 SC01643 SC02276 SC01963 SCO1480 SCO4071
SC01322 SCO2049 SC05148 SC02458 SC02668 SC02774 SC01654 SCO4530
SC02520 SC02835 SC05356 SCO3045 SCO3044 SC02971 SCO4440 SC04899
SCO3306 SC02872 SC05954 SCO3450 SC03445 SCO3180 SCO4870 SC05687
SC04313 SCO3036 SC06561 SC03852 SC05279 SC05215 SCO5290 SC05885
SC04518 SCO3041 SCOB566 SC04236 SC05665 SC05258 SCO6480 SCO7095
SC04935 SCO3049 SC06768 SC04448 SC07278 SCO6790 SC06488 SC07689
SC05127 SCO3066 SC06772 SC04643 SCO7501
SC06764 SC03449 SC06974 SCO6058
SC06958 SCO7067 SC07172 SC06877
SC07141 SC07299
SC07352 SC07677
SC07738
Table C.8. Down regulated QT Clustering sets from S. lividans TK24 and ppk  m utant
Set 1 Set 2 Set 3 Set 4 Set 5
SCO0242 SC01143 SCO0132 SC02131 SC01353
SCO0818 SC01733 SCO0732 SC02747 SC01357
SCO1208 SC03325 S C 01109 SC03526 SC01758
SC02418 SC04521 SCO2102 SC03729 SC01951
SC02581 SC04534 SC06123 SCO5750 SC05742
SC02600 SC04751 SC06326 SCO5754 SC06582
SC03716 SC04955 SC07523 SC07777 SC06778
SC04193 SC05614 SC07747
SCO7650 SC05957
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Appendix C.4. Individual gene profiles for S. lividans genes mentioned in QT analysis 
{Chapter 5).
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Figure C.8. Down regulated in S. lividans phoP  mutant; set 10, SCO2064
Figure C.9. Up regulated in S. lividans phoP  mutant; set 1 (left) and set 4 (right)
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Figure C.10. Up regulated in S. lividans phoP  mutant; set 5
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Figure C.13. Down regulated in S. lividans ppk  mutant; set 6 (SC02774 and SCO3180) and set 7 
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Figure C.14. Up regulated in S. lividans ppk mutant; set 5
Appendix D: 233
Appendix D: Different time points comparison (Chapter 4.1.10)
Table D .l. Complete gene list of the up regulated genes generated from the different time point 
comparative transcriptomic analysis.
Sco. No. Function
log2 average 
phoP/wt fold 
change
SC00020 partial CDS; possible transposase 0.72
SCO0172 hypothetical protein 0.01
SCO0185 crtB; possible geranylgeranyl pyrophosphate synthase 0.71
SCO0194 possible sigma factor 0.47
SC00200 Unknown 4.02
SCO0233 possible DNA-binding protein 1.23
SCO0237 possible oxidoreductase 0.47
SCO0301 possible lipoprotein 2.24
SC00305 hypothetical protein 0.75
SCO0365 probable oxidoreductase 0.37
SCO0385 possible membrane protein 1.16
SCO0387 possible bi-domain oxidoreductase 2.28
SCO0395 possible epimerase/dehydratase 0.72
SC00500 Unknown 0.65
SC00505 possible multi-domain protein 0.36
SCO0549 possible acyl carrier protein 4.11
SCO0559 Unknown 0.77
SCO0569 possible 50S ribosomal protein L36 1.77
SCO0572 probable cytosine permease 0.84
SC00702 possible regulator 0.37
SCO0759 Unknown 0.83
SCO0762 stil; protease inhibitor precursor 0.84
SCO0766 possible secreted beta-galactosidase 0.36
SCO0771 3conserved hypothetical protein 0.38
SCO0774 probable cytochrome P450 2.15
SCO0775 3conserved hypothetical protein 1.32
SCO0834 Unknown 0.80
SCO0865 possible integral-membrane protein 0.44
SC00890 possible short chain oxidoreductase 0.36
SCO0921 hypothetical protein 0.62
SCO0945 probable formamidopyrimidine-DNA glycosylase 0.32
SCO0957 possible oxidoreductase 1.08
SCO0958 hypothetical protein 1.61
SCO0961 glgC; glucose-1-phosphate adenylyltransferase 0.88
SCO0966 probable dehydratase 1.17
SCO0968 hypothetical protein 1.00
SCO0969 possible reductase 0.69
SCO0993 conserved hypothetical protein 4.34
SCO1098 probable MarR-family regulatory protein 0.51
SC01139 possible integral membrane protein 1.86
SC01153 tesB; acyl-CoA thioesterase II 0.68
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log2 average
Sco. No. Function phoP/wt fold 
change
SC01161 probable integral membrane protein 0.36
S C 01162 possible methyltransferase 0.37
SC01165 possible integral membrane protein 0.49
SC01169 xylA; xylose isomerase 0.32
SCO1170 xylB; xylulose kinase 1.18
SC01254 purB; probable adenylosuccino lyase 0.67
SC 01333 possible integral membrane protein 0.64
S C 01349 hypothetical protein 0.98
SC01355 possible secreted serine protease 2.00
SC01359 possible integral membrane protein 1.04
SC01361 conserved hypothetical protein 0.64
SCO1407 unknown 1.27
SC01415 possible membrane protein 0.37
SC01422 possible membrane protein 1.74
SC01428 acd; acyl-CoA dehydrogenase 1.29
SC01431 possible membrane protein 0.54
SC01457 probable transport protein 0.42
SCO1505 rspD; 30S ribosomal protein S4 0.59
SC01513 relA; GTP pyrophosphokinase 0.52
SC01523 conserved hypothetical protein 0.60
SC01548 unknown 0.87
SCO1550 possible small membrane protein 0.74
SC01554 putative nicotinate-nucleotide- 0.45dimethylbenzimidazolephosphoribosyltransferase
SC01563 possible acetyltransferase 0.45
SC01618 hypothetical protein 0.84
S C 01750 probable acyl CoA dehydrogenase 0.05
SC01773 probable L-alanine dehydrogenase 1.52
SC01841 unknown 0.75
SCO1850 possible chelatase 0.32
SCO1900 possible integral membrane sugar transport protein 0.60
S C 01946 pgk; phosphoglycerate kinase 0.91
SCO1950 hypothetical protein 0.67
SCO1960 possible hydrolase 0.58
S C 01983 conserved hypothetical protein 0.26
SC02125 hypothetical protein 0.40
SC02145 unknown 0.48
SCO2150 qcrC; cytochrome C heme-binding subunit 0.77
SC02155 cox1; cytochrome c oxidase subunit I 0.48
SCO2160 possible large membrane protein 0.96
SC02161 conserved hypothetical protein 0.66
SC02198 glnA; glutamine synthetase I 0.91
SC02207 hypothetical secreted protein 0.68
SC02292 xlnB; secreted endo-1,4-beta-xylanase B , 0.50
SC02328 possible dipeptidase 0.87
SC02329 possible transcriptional regulator 0.76
SC02452 possible two-component sensor histidine kinase 0.33
SC02471 possible secreted protein 0.67
SCO2510 hypothetical protein 0.44
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SC02532 PhoH-like protein 0.97
SC02553 possible oxidoreductase 0.93
SC02554 dnaJ2; DnaJ protein 0.38
SC02558 unknown 1.08
SCO2703 possible membrane protein 0.67
SC02712 possible membrane protein 0.32
SC02728 unknown 3.06
SC02751 unknown 0.34
SC02793 ornA; oligoribonuclease 0.84
SC02889 possible sugar transport protein 0.51
SC02949 murA; UDP-N-acetylglucosamine transferase 1.20
SC02952 possible helicase protein 0.57
SC02958 possible transcriptional regulator 0.47
SCO2980 possible integral membrane transport protein 0.30
SC02984 possible integral membrane protein 0.58
SC02987 possible regulatory protein 0.59
SC03002 unknown 0.51
SCO3059 purE; phosphoribosylaminoimidazole carboxylase catalytic subunit PurE 0.85
SCO3072 probable amino acid hydrolase 0.78
SCO3078 possible secreted protein 0.34
SC03112 partial CDS 0.39
SC03127 ppc; phosphoenolpyruvate carboxylase 0.44
SC03141 unknown 0.36
SC03147 possible ABC transporter ATP-binding subunit 0.77
SC03172 probable monooxygenase 1.29
SC03185 possible Na+/H+ antiporter 0.31
SC03294 possible transferase 0.83
SC03344 probable serine/threonine protein kinase 1.07
SC03348 possible DNA-binding protein 0.57
SC03349 unknown 0.38
SCO3408 possible penicillin-binding protein 0.31
SCO3430 rpsN; probable 30S ribosomal protein S14 0.62
SC03463 probable phosphorylase 0.53
SC03513 possible secreted protein 0.43
SC03559 possible oxidoreductase 0.65
SC03953 possible phosphotransferase 0.90
SC03975 possible regulator 0.23
SC03977 possible protease 0.63
SC04020 probable two component system response regulator 0.77
SCO4094 unknown 0.62
SC04116 possible AfsR-like regulatory protein 0.39
SC04143 possible mutT-like protein 0.91
SCO4150 possible ABC transport system transmembrane protein 1.40
SC04155 probable two-component system sensor 1.72
SC04156 probable two-component systen response regulator 2.77
SC04157 probable protease 5.01
SC04164 probable thiosulfate sulfurtransferase 0.53
SC04188 possible GntR-family transcriptional regulator 1.13
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SC04217 conserved hypothetical protein 0.54
SC04345 unknown 0.10
SC04348 hypothetical protein 0.93
SC04355 probable nucleotidyltransferase 0.47
SCO4380 putative acetyl/propionyl CoA carboxylase, beta subunit 0.21
SC04388 probable citrate synthase 0.89
SC04412 possible regulatory protein 0.62
SC04421 possible tetR-family transcriptional regulatory protein 0.66
SC04442 hypothetical protein 0.85
SC04462 possible integral membrane protein 0.45
SCO4470 probable phosphoglycerate mutase 0.69
SCO4501 probable bifunctional protein (ketoreductase/3-oxoacyl-[acyl-carrier- protein] reductase 0.62
SCO4510 unknown 0.32
SC04539 hypothetical protein 1.27
SC04581 conserved hypothetical protein 0.65
SC04599 nuoA2; NADH dehydrogenase subunit 0.63
SC04665 possible membrane protein 0.38
SCO4701 rpsJ; 30S ribosomal protein S10 0.47
SC04745 air; probable alanine racemase 0.45
SC04774 probable glycerol phosphate dehydrogenase 0.69
SC04775 pkaH; serine/threonine protein kinase 1.09
SCO4780 probable aldehyde dehydrogenase 1.62
SC04799 possible secreted lipase 0.35
SC04811 possible integral membrane protein 0.70
SC04858 putative succinate dehydrogenase membrane subunit 0.36
SC04877 unknown 0.35
SCO4908 probable RNA polymerase sigma factor 0.41
SC04969 possible regulatory protein 0.53
SCO4970 unknown 0.86
SCO5071 hydroxylacyl-CoA dehydrogenase 0.75
SCO5076 actVAl; probable integral membrane protein 0.69
SCO5077 actVA2; hypothetical protein 0.58
SC05080 actVA5; possible hydrolase 0.33
SCO5089 actlORF3; actinorhodin polyketide synthase acyl carrier protein 0.64
SCO5103 possible regulatory protein 0.35
SC05137 possible ATP-binding protein 0.35
SC05145 conserved hypothetical protein 0.55
SC05151 unknown 0.74
SC05166 possible helicase 0.48
SC05172 possible hydrolase 1.05
SC05174 possible transferase 0.36
SC05182 conserved hypothetical protein 0.36
SC05191 unknown 0.56
SCO5240 wblE; hypothetical protein 1.12
SC05285 Ion; ATP-dependent protease 0.37
SC05287 possible MarR-family transcriptional regulator 0.71
SCO5304 possible sensor-like histidine kinase 0.43
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SC05325 hypothetical protein 0.34
SC05331 possible DNA methylase 0.44
SC05346 unknown 0.61
SC05366 atpl; ATP synthase protein I 1.12
SC05369 atpF; ATP synthase B chain 0.93
SC05372 atpG; ATP synthase gamma chain 0.31
SCO5380 possible membrane protein 0.57
SCO5401 probable integral membrane protein 0.42
SC05425 pta; phosphate acetyltransferase 0.46
SC05469 sdaA; probable L-serine dehydratase 0.61
SCO5504 possible integral membrane protein 0.77
SC05567 possible DNA methylase 0.62
SCO5606 unknown prophage gene 0.89
SC05618 unknown prophage gene 1.95
SC05675 unknown 0.33
SCO5705 hypothetical protein 0.86
SC05772 unknown 0.61
SC05773 possible monooxygenase 0.82
SC05784 probable two-component sensor protein 0.35
SC05785 probable two-component transcriptional regulator 0.33
SCO5805 nrdJ; ribonucleotide reductase 0.47
SCO5960 cbiN; probable cobalt transport protein 0.35
SC05962 probable tranMerR family 1.86
SCO5970 unknown 0.89
SC05975 arcA2; arginine deiminase 0.99
SC05981 unknown 0.65
SCO6046 unknown 1.11
SCO6054 partial CDS; possible integral membrane protein 0.34
SCO6097 cysN; sulfate adenylyltransferase subunit 1 0.61
SCO6150 possible ADA-like regulatory protein 1.03
SC06154 unknown 0.66
SC06156 possible regulatory protein 0.36
SC06167 proline rich protein 0.92
SC06226 unknown 4.79
SC06263 conserved hypothetical protein 0.27
SC06296 conserved hypothetical protein 0.24
SC06354 probable two-component regulator 0.46
SC06387 questionable ORF 0.62
SC06426 unknown 0.61
SC06513 unknown 0.31
SCO6540 unknown 0.44
SCO6580 unknown 1.90
SC06632 possible membrane protein 0.47
SC06664 probable transcriptional regulator 0.52
SC06668 probable two-component sensor 0.63
SC06674 unknown 1.95
SCO6704 possible transcriptional regulator 0.42
SC06748 possible enoyl coA hydratase 0.58
SC06761 unknown 0.32
SC06818 possible phosphoglycerate mutase 0.61
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SC06821 possible transferase 0.42
SC06886 unknown 0.59
SC06997 unknown 0.35
SCO7014 probable Lacl-family transcriptional regulatory protein 0.31
SCO7058 possible integral membrane protein 1.00
SCO7061 probable marR-family transcriptional regulator 0.49
SC07169 unknown 0.50
SC07179 possible secreted amidase 0.15
SC07216 possible FecCD-family membrane transport protein 0.92
SC07287 hypothetical protein 0.40
SCO7302 hypothetical protein 0.24
SC07317 unknown 0.81
SC07353 unknown 0.37
SC07372 unknown 0.34
SC07385 possible integral membrane protein 0.42
SCO7405 possible acetyltransferase 1.54
SC07527 possible DeoR-family transcriptional regulator 0.30
SC07572 possible oxidoreductase 0.49
SCO7608 hypothetical protein 0.16
SC07695 hypothetical protein 0.31
SCO7707 conserved hypothetical protein 0.54
SC07728 conserved hypothetical protein 0.13
SC07781 pseudogene, transposase remnant 0.55
SCO7809 possible TetR-family transcriptional regulator 0.34
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comparative transcriptomic analysis.
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SC00030 unknown -0.67
SCO0161 doubtful CDS -0.80
SCO0222 possible acetyltransferase -0.76
SCO0279 possible glycosyl hydrolase -0.86
SCO0336 possible integral membrane protein -0.60
SCO0373 possible secreted protein -0.91
SCO0422 possible two-component sensor kinase -0.83
SC00460 unknown -0.57
SCO0573 conserved hypothetical protein -1.33
SCO0611 putative membrane protein -0.79
SCO0619 possible membrane protein -0.66
SCO0624 possible secreted protein -0.75
SCO0641 terD; tellurium resistance protein -0.79
SCO0663 possible 2-hydroxyacid-family dehydrogenase -0.44
SCO0683 hypothetical protein -0.65
SCO0742 ABC transporter -0.89
SCO0763 probable oxidoreductase -0.24
SCO0812 possible sugar isomerase -0.78
SCO0813 probable oxidoreductase -0.68
SCO0816 conserved possible iron-sulfur protein -1.18
SCO0939 probable hydrolase -0.68
SCO0995 possible methyltransferase -0.71
SCO0999 sodF2; superoxide dismutase -0.27
SCO1010 possible integral membrane transport protein -0.62
SCO1022 hypothetical protein -0.68
S C 01048 possible secreted protein -2.22
SCO1085 probable acyltransferase -0.52
SCO1110 probable secreted lyase -1.35
SC01144 possible ABC transporter ATP-binding protein -0.49
S C 01233 ureF; urease accessory protein -1.90
SC01346 fabG3; possible 3-oxoacyl-[acyl-carrier protein -0.96
SCO1403 possible membrane protein -0.60
SC01524 putative membrane protein -0.91
SC01565 probable glycerophosphoryl diester phosphodiesterase -1.37
SCO1590 putative secreted protein -2.15
SC01591 probable 3-hydroxyacyl-CoA dehydrogenase -0.81
SCO1601 unknown -0.99
SCO1605 unknown -1.01
SCO1606 possible membrane protein -1.07
SC01694 possible penicillin acylase -0.78
S C 01746 sal; secreted serine protease -0.71
SCO1803 possible oxidoreductase -1.07
SC01813 possible gntR-family transcriptional regulat -0.71
SC01814 inhA; probable enoyl-(acyl-carrier-protein) -0.66
SC01817 unknown -0.73
SCO1820 possible integral membrane protein -0.55
SCO1830 unknown -0.73
SC01855 probable precorrin-4 C11-methyltransferase -0.38
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SC01961 aroQ; dehydroquinate dehydratase -0.85
SC01968 probable secreted hydrolase -1.80
SC01982 hypothetical protein -0.81
SC02037 trpB; tryptophan synthase beta subunit -0.78
SC02157 probable aminotransferase -0.81
SC02175 possible nicotinate-nucleotide- -0.81dimethylbenzimidazolephosphoribosyltransferase
SC02196 possible integral membrane protein -1.87
SCO2201 conserved hypothetical protein -1.07
SC02214 possible reductase -0.42
SCO2406 probable sugar transport permease -0.80
SC02462 probable sugar kinase -1.51
SC02535 unknown -0.75
SC02628 probable amino acid permease -0.86
SC02752 possible oxidoreductase -0.08
SC02841 possible secreted protein -0.66
SC02867 unknown -0.74
SC02978 possible secreted protein -0.81
SC02981 possible glycosyl transferase -2.76
SC03224 probable ABC transporter ATP-binding protein -1.67
SC03314 possible dehydrogenase -0.73
SC03368 possible peptidase -0.80
SC03369 possible large ATP-binding protein -0.61
SC03376 possible acetyltransferase -1.14
SC03387 possible transcriptional regulator -1.00
SC03484 possible secreted sugar-binding protein -0.78
SC03596 probable D-alanine:D-alanine dipeptidase -3.36
SCO3609 possible membrane protein -0.59
SC03614 asd2; probable aspartate-semialdehyde dehydrogenase -0.86
SC03619 hypothetical protein -0,61
SC03663 possible membrane protein -0.33
SC03671 dnaK; heat shock protein 70 -0.79
SC03786 possible integral membrane protein -0.80
SC03794 probable glycosyl transferase -0.75
SCO3802 possible membrane protein -0.68
SCO3840 unknown -0.66
SC03852 putative membrane protein -1.04
SC03935 small hydrophobic protein -1.21
SC03997 possible integrase -0.62
SC04008 probable tetR family regulatory protein -0.87
SCO4011 possible integral membrane protein -0.71
SCO4054 possible integral membrane protein -0.73
SC04141 pstC; phosphate ABC transport system permease -2.33
SC04145 ppk; polyphosphate kinase -0.93
SC04229 possible sensor kinase -3.46
SCO4230 probable response regulator -1.31
SCO4305 hypothetical protein -0.78
SCO4406 unknown -0.63
SCO4407 hypothetical protein -0.91
SC04513 unknown -0.55
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SC04575 nuoN; NADH dehydrogenase subunit -0.08
SC04575 nuoN; NADH dehydrogenase subunit -0.08
SC04576 unknown -0.75
SC04597 possible two-component system sensor kinase -1.28
SC04653 rpIL; 50S ribosomal protein L7/L12 -0.52
SC04654 rpoB; DNA-directed RNA polymerase beta chain -0.74
SCO4705 rplB; 50S ribosomal protein L2 -0.01
SC04714 rplE; 50S ribosomal protein L5 -0.19
SC04717 rplF; 50S ribosomal protein L6 -0.43
SC04729 rpoA; DNA-directed RNA polymerase alpha chain -0.49
SC04782 possible integral membrane protein -0.59
SC04796 possible NLP/P60 family secreted protein -0.70
SC04813 purN; phosphoribosylglycinamide formyltransferase -0.44
SC04847 possible D-alanyl-D-alanine carboxypeptidase -0.73
SC04875 probable sugar transferase -0.58
SCO4880 possible transferase -1.07
SC04881 possible polysaccharide biosynthesis -1.11
SC05020 hypothetical protein -0.77
SCO5023 possible secreted protein -1.38
SC05179 peptidase -0.80
SC05245 hypothetical protein -0.73
SC05286 probable secreted hydrolase -1.01
SC05356 thrB; homoserine kinase -0.71
SCO5406 hypothetical protein -0.64
SCO5408 hypothetical protein -1.22
SC05612 unknown prophage ATP binding protein -2.66
SC05613 unknown prophage gene -0.89
SC05625 tsf; elongation factor Ts -0.90
SC05633 probable fusion protein -0.96
SC05731 possible secreted serine protease -0.01
SC05934 possible sigma factor -0.75
SC05942 unknown -0.79
SC05946 putative membrane protein -0.67
SC05954 probable chitinase -0.98
SCO6026 probable fatty acid oxidation complex alpha-subunit -0.67
SCO6130 unknown -0.80
SC06174 conserved hypothetical protein -1.20
SC06229 probable sugar transport system permease protein -1.26
SCO6230 probable sugar transport system permease protein -0.59
SC06252 putative membrane protein -0.64
SC06278 possible integral membrane transport protein -0.74
SC06333 unknown; partial CDS -0.77
SC06437 unknown -1.13
SC06616 putative secreted protein -0.79
SC06644 probable solute-binding lipoprotein -1.30
SCO6649 unknown -0.59
SC06682 unknown -1.73
SC06684 ramB; probable ABC transporter -0.68
SC06798 unknown -0.78
SC06816 possible ABC transporter binding lipoprotein -0.55
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SC06822 possible integral membrane efflux protein -0.72
SC06834 trxB2; possible thioredoxin reductase -0.69
SC06853 unknown -0.66
SC06889 unknown -0.60
SC06946 unknown -1,04
SC06961 unknown -0.60
SC06974 possible GntR-family regulatory protein -0.64
SC07141 possible nitroreductase -0.55
SC07185 probable branched amino acid binding secreted protein -0.47
SC07195 unknown -0.80
SC07223 possible monooxygenase -1.07
SC07247 unknown -0.95
SC07265 hypothetical protein -0.65
SC07351 possible AraC-family transcriptional regulator -0.43
SC07352 possible membrane protein -0.78
SC07431 possible integral membrane protein -0.87
SC07435 possible transmembrane transport protein -0.75
SC07446 possible regulator -0.57
SC07457 unknown -0.54
SC07462 possible integral membrane protein -1.25
SC07486 possible ROK-family transcriptional regulator -1.04
SC07539 possible TetR-family transcriptional regulator -0.59
SC07568 possible regulatory protein -0.82
SC07577 possible secreted hydrolase -0.86
SC07619 probable anti sigma factor antagonist -0.88
SC07622 pntB; NAD(P) transhydrogenase beta subunit -0.61
SC07623 pntA; NAD(P) transhydrogenase alpha subunit -0.77
SC07631 possible secreted protein -1.52
SC07645 possible tetR-family transcriptional regulator -0.82
SC07657 possible secreted protein -0.89
SC07658 unknown -0.41
SC07738 conserved hypothetical protein -0.75
SCO7740 hypothetical protein -0.74
SC07742 probable MarR-family transcriptional regulator -0.98
SCO7810 possible oxidoreductase -3.17
